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Photovoltaic (PV) cells and modules are rated under standard test 
conditions (STC), with cell or module temperature of 25°C, normally incident 
light, Air Mass 1.5 Global (AM1.5G) solar spectrum, and a solar irradiance 
intensity of 1000 W/m2. Because of this, solar cells and modules are usually 
designed to have maximum efficiency at STC. However, in the real world, PV 
modules rarely operate under these conditions; the real-world conditions vary 
strongly and influence the electrical performance of the modules, often 
causing an efficiency loss with respect to the STC nominal performance. In 
this thesis, we performed detailed investigations into various loss 
mechanisms that affect the performance of PV modules in the real world. 
Through the improved understanding, the cells and modules are then 
optimised for the real-world conditions.  
 
We first studied the optical losses of silicon wafer based solar cells and 
modules. The optical losses of cells and modules were quantified through 
reflectance (R) and external quantum efficiency (EQE) measurements. A 
novel method was developed to calculate the optical parasitic absorptance of 
a PV module from R and EQE measurements. Finally, considering the 
AM1.5G spectrum of interest, the weighted average optical losses were 
calculated. PV modules with various encapsulant materials and glass 
structures were studied. It was found that the parasitic absorptance of the 
investigated PV modules was in the range of 2.0 to 5.5%. 
 
Next, optimal orientation and tilt angles for fixed-tilt PV modules were 
studied. The modelling was first done for Singapore, and then extended to 
thousands of locations worldwide using available weather data. From the 
modelling results, the relationship between the optimal tilt angles and 
latitudes was investigated. It was found that the conventional wisdom of tilting 
the module at latitude towards the equator is not necessarily true. For tropical 
and low-latitude regions, a PV module‟s optimal orientation could be facing 
any direction, depending on the local climatic conditions. However, it was also 
found that the difference between the conventional and modelled optimal 
orientation and tilt angle introduced only small annual irradiation loss of less 
than 0.5%. In addition, we studied the angular loss of PV modules with planar 
and textured glass under Singapore outdoor conditions. From the study, it 
vii
was found that the textured PV module has a much lower real-world angular 
loss compared to the planar PV module. It was found that the angular loss 
has a negligible effect on the modules‟ optimal orientation and tilt angle. The 
modelling framework developed was then used for the optimisation of solar 
cells and modules for real-world conditions.  
 
Finally, incorporating the findings from earlier chapters, the optimisation 
of the front electrodes of silicon wafer based solar cells and modules was 
carried out. Optimisation of the front electrode was done at the cell level at 
STC ($ per watt peak), module level at STC ($ per watt peak), and under real-
world module conditions ($/kWh), taking into account the cost of the silver 
paste used for metal electrode formation. The study showed that optimisation 
at the cell and module levels for the lowest costs would yield up to 1% cost 
savings compared to optimisation for maximum efficiency at STC. 
Optimisation for lowest levelised cost of electricity (LCOE) would, on average, 





LIST OF TABLES 
Table 1-1. Parameters affecting PV modules performance [12]. ............................................... 4 
Table 2-1. Weighted average losses and gains of the modules with different type of 
EVA (AM1.5G spectrum, normal incidence). ......................................................... 18 
Table 2-2. Short-circuit density losses and short-circuit current density for modules 
with different type of EVA (AM1.5G spectrum, normal incidence). ....................... 19 
Table 2-3. Weighted average losses and gains of the six module structures (AM1.5G 
spectrum, normal incidence). ................................................................................ 23 
Table 3-1. Perez et al. model coefficients to describe different sky conditions [24] ................ 36 
Table 3-2.  Annual irradiation (kWh/m
2
) received by crystalline silicon sensors at 
different orientations and tilt angles in Singapore from June 2011 to May 
2012. Baseline is the 0° tilt sensor. ....................................................................... 38 
Table 3-3. Comparison of the normalized root mean square error (NRMSE) for all 
different orientations and tilt angles available at SERIS‟ meteorological 
station in Singapore for the three transposition models: Liu-Jordan, 
Klucher, Perez et al. .............................................................................................. 40 
Table 3-4.  Performance parameters of the 4 investigated PV systems. Data logger 
availability was 99.9% for all four systems. ........................................................... 46 
Table 3-5. Optimal orientation, tilt angles, and annual tilted irradiation for a PV 
module in Singapore. Column two shows the results without consideration 
of angular loss. Column three shows the results with angular loss 
consideration for a module with planar front glass. Column four shows the 
results with angular loss consideration of a module with textured front 
glass. ..................................................................................................................... 56 
Table 4-1. Calculated annual angular loss (AAL) for the planar and textured PV 
module, using three different models (Liu-Jordan, Hay-Davies, Perez et 
alia). The modelled results are compared to the outdoor measurement 
results. The optical gain is the extra light absorbed by the textured module 
relative to the planar module. ................................................................................ 75 
Table 5-1. Effective finger width for encapsulated cells. .......................................................... 87 
Table 5-2. Parameters used for front electrode optimisation ................................................... 90 
Table 5-3. Results of optimising the front electrode for real-world conditions for 
various locations. For standardisation, the currency used is in US dollars. ........ 104 
  
ix
LIST OF FIGURES 
Figure 1-1. Variations in concentration of carbon dioxide (CO2) in the atmosphere 
during the last 400 thousand years. Data sources: blue curve [1], green 
curve [2], red curve [3], cyan curve [4], black curve [5]. .......................................... 2 
Figure 2-1. Photograph of one of the fabricated single-cell modules. ..................................... 11 
Figure 2-2. PV module structures investigated in this study. ................................................... 13 
Figure 2-3. (a) Measured EQE of cell and module (module structure 1).  (b) 
Corresponding reflectance measurements. .......................................................... 14 
Figure 2-4.  (a) Measured EQE of cell and module (module structure 2).  (b) 
Corresponding reflectance measurements. .......................................................... 14 
Figure 2-5. Parasitic absorptance for modules encapsulated with conventional EVA 
(Module 1) and modules encapsulated with super-clear EVA (Module 2). ........... 15 
Figure 2-6. Spectra of a UV lamp measured directly, and after passing through a 
single layer of either conventional EVA or super-clear EVA. ................................ 16 
Figure 2-7. The six PV module structures investigated in this study. ...................................... 20 
Figure 2-8. (a) Measured EQE of cell and module (module structure 3).  (b) 
Corresponding reflectance measurements. .......................................................... 21 
Figure 2-9. Measured parasitic absorptance (Apara.mod) of four different module 
structures (planar or textured glass, EVA or ionomer encapsulant). (a) 
Textured glass (Albarino); (b) Planar glass. .......................................................... 22 
Figure 2-10. Parasitic absorptance (Apara.mod) comparison between Albarino, planar 
and ARC glasses. (a) Encapsulated using EVA. (b) Encapsulated using 
ionomer .................................................................................................................. 22 
Figure 3-1. Photograph of the irradiance measurement station located on the roof of 
the Solar Energy Research Institute of Singapore (SERIS). ................................. 31 
Figure 3-2. Average annual GHI and DHI shown as a moving 12-month average. The 
TMY for Singapore as per Meteonorm 7.1 [25] is 1,632 kWh/m
2
∙yr for GHI 
and 934 kWh/m
2
∙yr for DHI. ................................................................................... 32 
Figure 3-3. Irradiance distributions for a typical meteorological day (TMD) in 
Singapore based on empirical data from June 2011 to May 2012 for 
irradiance sensors facing 60° NE, tilted at 0°, 10°, 20°, 30° and 40° and 
vertically mounted irradiance sensors facing north, south, east and west 
(1-hour data; the lines are guides to the eye). ....................................................... 38 
Figure 3-4. Measured versus modelled irradiance using the Perez et al. model for 
irradiance sensors oriented at 60° NE with tilt angles of 10°, 20°, 30° and 
40° in Singapore. The comparison is done for the full 12-month period 
from June 2011 to May 2012. ................................................................................ 39 
Figure 3-5. Measured versus modelled irradiance using the Perez et al. model for 
vertically tilted irradiance sensors facing north, south, east and west in 
Singapore. The comparison is done for the full 12-month period from June 
2011 to May 2012. ................................................................................................. 40 
xFigure 3-6. Polar contour plot of annual tilted irradiation for different tilts and 
orientations in Singapore. The radius indicates the tilt angle while the 
polar angle refers to the orientation. A surface facing 97° SE with tilt angle 
of around 26° receives the highest annual irradiation of 1,562 kWh/m
2
, 
shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI 
data of one-year period of June 2010 to May 2011............................................... 42 
Figure 3-7. Polar contour plot of annual tilted irradiation for different tilts and 
orientations in Singapore. The radius indicates the tilt angle while the 
polar angle refers to the orientation. A surface facing 78° NE with tilt angle 
of around 7° receives the highest annual irradiation of 1,531 kWh/m
2
, 
shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI 
data of one-year period of June 2011 to May 2012............................................... 43 
Figure 3-8. Polar contour plot of annual tilted irradiation for different tilts and 
orientations in Singapore. The radius indicates the tilt angle while the 
polar angle refers to the orientation. A surface facing 88° NE with tilt angle 
of around 9° receives the highest annual irradiation of 1,523 kWh/m
2
, 
shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI 
data of one-year period of June 2012 to May 2013............................................... 43 
Figure 3-9. Monthly irradiation variations (shown as daily averages). The two y-axes 
have been offset to facilitate viewing. Lines are guides to the eye. ...................... 45 
Figure 3-10. Intensity map for weather data used in this study. The bright intensity 
areas indicate regions with a high density of weather data. In total, data 
from around 1600 weather stations were used for the simulation. ........................ 48 
Figure 3-11. Polar contour plots of annual tilted irradiation for different tilts and 
orientations. The radius indicates the tilt angle while the polar angle 
indicates the orientation. Top: Boise, Idaho (43.62° S, 116.21° W). A 
surface facing 178°S with tilt angle of 36° S receives the highest annual 
irradiation, shown as the „x‟ in the plot. Bottom: Belem, Brazil (1.38° S, 
48.48° W). A surface facing 54° NE with tilt angle of around 7° receives 
the highest annual irradiation. ............................................................................... 51 
Figure 3-12. Optimal orientations as a function of latitudes for fixed-tilt PV installations 
at > 1600 sites where suitable weather data are available. For locations in 
the northern hemisphere, please refer to the right-hand side of the plot. ............. 52 
Figure 3-13. Optimal tilt angle (βopt.eq) versus absolute latitude (|𝜙|) for equator-
oriented modules. The red dashed line indicates the conventional way of 
tilting where the tilt angle is equal to the latitude. The blue curve is the 
theoretical tilt calculated considering only the effect of the attenuation of 
the extra-terrestrial irradiance due to the air mass effect. A quadratic 
relationship between theoretical optimal tilt and latitude can be 
approximated as βopt.eq =  -0.0036 |𝜙|
2
 + 0.9944 |𝜙|. ............................................. 54 
Figure 3-14. Polar contour plot of annual tilted irradiation without consideration of 
angular loss for different tilts and orientations in Singapore. The radius 
indicates the tilt angle while the polar angle refers to the orientation. A 
surface facing 88° NE with tilt angle of around 9° receives the highest 
annual irradiation of 1,523 kWh/m
2
, shown as the „x‟ in the polar contour 
plot, based on empirical GHI and DHI data of one-year period of June 
2012 to May 2013. ................................................................................................. 57 
Figure 3-15. Polar contour plot of annual tilted irradiation with angular loss 
consideration (for module with planar glass) for different tilts and 
orientations in Singapore. The radius indicates the tilt angle while the 
polar angle refers to the orientation. A surface facing 90° E with tilt angle 
xi
of around 10° receives the highest annual irradiation of 1,477 kWh/m
2
, 
shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI 
data of one-year period of June 2012 to May 2013............................................... 57 
Figure 3-16. Polar contour plot of annual tilted irradiation with angular loss 
consideration (for module with textured glass) for different tilts and 
orientations in Singapore. The radius indicates the tilt angle while the 
polar angle refers to the orientation. A surface facing 89° NE with tilt angle 
of around 9° receives the highest annual irradiation of 1,502 kWh/m
2
, 
shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI 
data of one-year period of June 2012 to May 2013............................................... 58 
Figure 4-1. Goniophotometre at SERIS showing transmitted light through a small 
sample. The sample holder is shown in the centre where light can be 
seen reflecting from the sample. The light source is located behind the 
curtain to minimize stray light. ............................................................................... 64 
Figure 4-2. Photos of the front surface of the modules with planar and textured glass. 
The photos show an approximately 5 cm wide section of the modules. 
Left: Photo of the module with planar glass. The busbar and the fingers 
are visible from this photo. Right: Photo of the module with textured glass. 
The glass used is the Albarino G from Saint-Gobain. Due to the scattering 
introduced by the textured glass, the front metal fingers are no longer 
visible. .................................................................................................................... 65 
Figure 4-3. Angular loss (AL) for PV modules with planar and textured glass. The 
symbols indicate the measured values. By definition, AL is 0 at 0° and 1 at 
90°. The angular reflectance loss is fitted using a double-exponential 
model (red line for the planar module, black line for the textured module). 
The model provides a very good fit for both the planar and textured 
modules with a coefficient of determination of 1. .................................................. 66 
Figure 4-4. Angular loss factors of the diffuse (Fd), albedo (Fa), and horizon (Fh) 
radiation components for planar (left) and textured (right) modules. .................... 69 
Figure 4-5. Normalized short-circuit current comparison between PV modules with 
planar and textured glass for a typical day in Singapore. A typical day is 
obtained by averaging the 6-month results into a single day. ............................... 74 
Figure 4-6. Modelled angular losses for PV modules with textured and planar glass 
for a typical meteorological day (TMD) in Singapore. TMD is obtained by 
averaging the calculated yearly results into a single day. ..................................... 76 
Figure 4-7. Modelled monthly angular losses for PV modules with textured and planar 
glass in Singapore. ................................................................................................ 77 
Figure 4-8. Weighted angular loss for PV modules with planar (solid line) and textured 
(dashed line) glass for a TMD in Singapore. The dotted line shows the 
module-plane irradiance for a TMD in Singapore. ................................................. 77 
Figure 4-9. Annual angular loss (AAL) as a function of tilt angle (south-facing module) 
for PV modules with planar and textured glass. .................................................... 78 
Figure 5-1. Light reflected by screen-printed metal finger on an encapsulated silicon 
wafer solar cell. Part of the light is totally internally reflected at the 
glass/air interface................................................................................................... 84 
Figure 5-2. Single-cell PV module. (a) With a mask covering only the busbars; (b) 
With a mask covering the busbars and all fingers. ................................................ 86 
xii
Figure 5-3. Modelled solar cell efficiency and cell cost per Watt peak at 1-sun 
standard test conditions as a function of the number of fingers on the front 
side of a 156 mm wide multicrystalline silicon wafer solar cell. ............................. 91 
Figure 5-4. Contour plot of silicon wafer cell cost per watt as a function of the number 
of fingers and silver paste cost, for a fixed polysilicon feedstock cost of 
$40/kg. ................................................................................................................... 92 
Figure 5-5. Top: Contour plot showing the optimal number of fingers for lowest cell 
cost per watt peak for different polysilicon and silver paste cost. Bottom: 
Contour plot showing lowest cell cost per watt peak ($/Wp) for different 
polysilicon and silver paste cost (using the optimum number of fingers for 
each pair of values for silver paste cost and silicon cost) ..................................... 93 
Figure 5-6. Modelled module power and module cost per watt under 1-Sun standard 
test conditions (STC) for a 72-cell module made with 156-mm 
multicrystalline silicon wafer solar cells as a function of the number of 
front grid fingers per cell. ....................................................................................... 95 
Figure 5-7. Top: Contour plot showing optimal number of fingers for lowest module 
dollar per watt peak for different polysilicon and silver paste cost. Bottom: 
Contour plot showing lowest module cost per watt peak ($/Wp) for 
different polysilicon and silver paste cost (using the optimum number of 
fingers for each pair of values for silver paste cost and polysilicon cost). ............. 96 
Figure 5-8. Modelled module maximum efficiency and optimal number of fingers as a 
function of the irradiance. ...................................................................................... 98 
Figure 5-9. Irradiance distribution for Singapore [20]. ............................................................. 99 
Figure 5-10. Overall framework to calculate the annual energy output. ................................ 101 
Figure 5-11. Module annual energy output (calculated using assumed module STC 
power shown in Figure 5-6) and levelised cost of electricity (LCOE) in 
Singapore, as a function of the number of fingers on each silicon wafer 
solar cell. The LCOE calculated is in term of USD/kWh...................................... 102 
 
1CHAPTER 1 -  INTRODUCTION 
1.1 Renewable Energy for a Sustainable Future 
 
Since the Industrial Revolution took off in the 18th century, fossil fuels 
have been mankind‟s main source of energy to power the economy. They 
were the prerequisites for the new industrialized civilization that rapidly 
transformed the world.  
 
However, there are some problems with using fossil fuels as the main 
source of energy. Fossil fuels such as coal, petroleum, and natural gas are 
made by decomposition of biological materials, which were subjected to 
immense pressure and heat within the Earth‟s crust over millions of years. 
This makes them non-renewable energy resources. With the constantly 
increasing demand for energy and the limited supply of fossil fuels, their 
depletion is inevitable.  
  
A more serious concern regarding fossil fuel consumption is the 
environmental impact they cause. The combustion of fossil fuels releases 
greenhouse gaseous by-products such as carbon dioxide (CO2), methane 
(CH4) and nitrous oxide (N2O). Existing at naturally low concentrations in the 
atmosphere, these gases serve to warm up the Earth, by preventing heat 
from escaping the atmosphere. However, since the Industrial Revolution, the 
greenhouse gas concentration in the atmosphere has increased 
exponentially. Figure 1-1 shows the CO2 concentration in the atmosphere 
during the last 400 thousand years. The cyclical nature in CO2 concentration 
is due to the glacial cycles caused by changes in the Earth‟s orbit. However, 
since the Industrial Revolution 200 years ago, there is a dramatic, unnatural 
rise in CO2 concentration.  
2 
Figure 1-1. Variations in concentration of carbon dioxide (CO2) in the atmosphere during the 
last 400 thousand years. Data sources: blue curve [1], green curve [2], red curve [3], cyan 
curve [4], black curve [5]. 
 
 The rise of greenhouse gases to an unnatural level is, very likely, 
causing climate change and severe impacts on the environment; rising sea 
levels, higher incidences of floods, increase in natural disasters such as 
Hurricane Katrina and Hurricane Sandy, and so on. While climate change can 
be caused by many factors, the scientific community overwhelmingly believes 
that the recent climate change is largely due to human activities [6].  
  
Alternative sources of energy such as renewable and nuclear energy 
are possible solutions to reduce dependence on fossil fuels. While nuclear 
energy emits no CO2, it is inherently dangerous. There have been many 
cases of nuclear accidents. One example is the Chernobyl disaster in 1986 
that is still haunting many people until today. Recently, in 2011, the world was 
again shocked by the nuclear disaster in Fukushima, Japan, as a result of an 
earthquake and tsunami [7]. As of today, the Fukushima site remains highly 
radioactive, with some 160,000 evacuees still living in temporary housing. 
The difficult clean up job will take 50 or more years, and will cost tens of 
billions of dollars [8]. Given the risks of nuclear power, renewable energy is 
the best alternative solution to fossil fuels. Renewable energy is energy that 
originates from sunlight, wind, rain, tides, waves and geothermal. It is 
environmentally clean and can be replenished. Renewable energy is the 
solution for a clean and sustainable future.  
3 
1.2 Photovoltaics as a Choice of Renewable Energy 
 
There are many sources of renewable energy. Most forms of renewable 
energy come directly or indirectly from the Sun. For example, wind is 
generated by solar energy through differential heating of the Earth. It has 
been calculated that about 1% of the solar energy arriving on Earth is 
converted into wind energy [9]. Moving across the oceans, the wind then 
transfers part of its energy to the water to generate waves. Hence, solar 
energy is the most abundant and direct source of energy to be harvested.  
 
Among all the solar energy technologies, photovoltaic (PV) technology 
is the most attractive option as it converts solar energy directly into electricity. 
The realisation of this fact has caused an increase in the research, 
development, and adaptation of PV in the past 10 years. The efficiency of 
industrial solar cells is increasing while their cost is decreasing. By 2012, 
about 100 GW of cumulative PV capacity had been installed worldwide. This 
value is forecast to increase to 230 GW in 2017 [10].   
 
1.3 Thesis Motivations and Objectives 
 
Although tremendous progress has been made in PV, a lot of work still 
has to be done. PV cells and modules are rated under standard test 
conditions (STC) with cell (or module) temperature of 25 °C, normally incident 
light, Air Mass 1.5 Global (AM1.5G) solar spectrum [11], and a solar intensity 
of 1000 W/m2. Because of this, solar cells and modules are usually designed 
to have maximum efficiency at STC.  
 
However, in the real world, PV modules rarely operate under these 
conditions; the real-world conditions vary strongly and influence the electrical 
performance of the modules, often causing an efficiency loss with respect to 
the STC nominal performance. There are many factors that affect the 
performance of PV modules in the real world. The parameters which influence 
the performance of PV modules are summarised in Table 1-1 [12]. 
 
4Table 1-1. Parameters affecting PV modules performance [12].  
Parameters Effects  
Temperature 
The performance of a PV module is profoundly dependent on the cell 
operating temperature. In the real world, a PV module operates at cell 
temperatures ranging from ambient temperature to temperatures which 
are up to 40C above the ambient temperature, depending on the 
irradiance level and surrounding conditions. Considering a temperature 
coefficient of -0.45 %/C for silicon wafer based solar cells, a PV module 




Dirt and dust can accumulate over time on the front PV module surface. 
This effect is seasonal and varies significantly at different locations. 
Soiling can cause annual losses of up to 7% if not mitigated properly.  
 
Solar spectrum 
Solar cells and modules are rated under STC with the reference spectrum 
ASTM G-173-03 [11]. For the reference spectrum, the Air Mass is 
assumed to be 1.5. The module surface is assumed to be inclined at 37 
tilt. The 1976 U.S. Standard Atmosphere is also used for the generation of 
the reference spectra [13]. In the field, such conditions are rarely 
encountered. The spectra are constantly changing, depending on the 
location, movement of the sun through the sky, and atmospheric 
conditions. On a yearly basis, the spectral loss is usually below 2% for 




In the field, PV modules are subject to varying solar intensity. As the 
intensity decreases, the short-circuit current decreases. The open-circuit 
voltage decreases logarithmically with the decrease in short-circuit 
current. This causes the efficiency of the module to decrease with 
decreasing light intensity. At very low light intensities, the decrease in PV 
efficiency becomes even faster. 
 
Angular loss 
In the real world, incident light is arriving on the module at various angles 
because of the movement of the Sun and the diffuse components of the 
radiation; this introduces angular losses. This loss can be substantial, 
depending on the orientation angle, tilt angle, and location where the 
module is installed. 
 
Direct current 
(DC) to alternate 
current (AC) 
conversion loss 
The DC power generated by a PV module is usually converted into AC 
power using an inverter. Some power is lost in this conversion process. In 
the field, the overall DC-to-AC conversion efficiency is typically in the 90-
95 % range. 
 
Shading 
Shading has tremendous impact on PV module output. A small shaded 
area of 5-10% of the total module area can reduce its output by over 80%. 
This loss can be prevented by having a proper site shading survey before 
the installation of the PV module.  
 
 
As can be seen, there are many parameters that affect the performance 
of PV modules in the real world. Ultimately, the deviations of outdoor 
conditions from the STC introduces performance losses to the PV modules. 
As a result, the efficiency of PV modules under real-world conditions can be 
up to 30% lower than at STC, depending on the weather and the cell or 
module design [14]. During the limited timeframe of a PhD thesis, it is 
obviously not possible to study all of these parameters. For some parameters 
such as the soiling effect, this can be simply avoided by having a routine 
cleaning schedule for the PV module. The shading loss can also be 
prevented, by conducting a proper site shading survey before the installation 
5of the PV module. The DC-to-AC conversion loss is more relevant for the PV 
system analysis. Hence, in this PhD, we will look into temperature, solar 
intensity, and angular loss parameters and their effects on the PV module 
performance. This study aims at better understanding the real-world losses of 
PV modules, and to use the resulting improved understanding for optimising 
the solar cells and modules for real-world conditions.  
 
1.4 Thesis Layout 
 
The thesis is structured as follows, to address the motivations and 
objectives discussed above.  
 
In Chapter 1, the motivations and objectives are described.  
 
In Chapter 2, optical losses of silicon wafer based solar cells and 
modules are discussed. First, optical properties of various PV module 
materials are investigated. Then, the optical losses of cells and modules are 
quantified through reflectance (R) and external quantum efficiency (EQE) 
measurements. A novel method is developed to calculate the optical parasitic 
absorptance of a PV module from R and EQE measurements. Finally, 
considering the spectrum of interest (AM 1.5G), the weighted average optical 
losses are calculated.   
 
In Chapter 3, the optimal orientation and tilt angle for fixed-tilt PV 
modules are calculated by determining the orientation and tilt angle that 
provide highest annual tilted irradiation. The modelling is first done for 
Singapore; it is then extended to thousands of locations worldwide using 
available weather data. From the modelling results, the relationship between 
the optimal tilt angles and latitude is investigated. Finally, the effect of angular 
loss on the optimal orientation and tilt angle is investigated. These findings 
will provide useful information for PV system integrators on how best to install 
PV system for maximising energy yield.  
 
In Chapter 4, angular losses of PV modules under outdoor conditions 
are studied. The angular reflectance of PV modules is measured using a 
goniophotometre. From the angular reflectance measurement, angular loss 
6factors due to the direct, isotropic diffuse, horizon, and albedo components 
are calculated. Finally, the real-world angular losses under Singapore outdoor 
conditions are modelled. Angular losses of PV modules with planar and 
textured glass are investigated. Outdoor measurement results are used to 
validate the modelling results.  
 
In Chapter 5, using the knowledge from previous chapters, optimisation 
of the solar cell‟s front electrode is investigated. Optimisation of the front 
electrode is done at the cell level at STC ($ per watt peak), module level at 
STC ($ per watt peak), and under real-world module conditions ($/kWh), 
taking into account the cost of the silver paste. 
 
Chapter 6 summarises the work of this thesis, presents the author‟s 
original contributions, and makes recommendations for future work on 
characterisation and optimisation of PV modules for enhanced outdoor 
performance.  
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8CHAPTER 2 -  OPTICAL PARASITIC ABSORPTANCE 
LOSS OF GLASS AND ENCAPSULANT 
MATERIALS OF SILICON WAFER 
BASED PHOTOVOLTAIC MODULES 
2.1 Introduction 
 
Optical losses in a PV module consist of hemispherical reflectance (R) 
losses and parasitic absorptance losses (Apara.mod) in the front layers of the 
module. It is important for PV module designers to understand these optical 
losses in order to optimise the design of solar cells and PV modules for real-
world conditions. The reflectance losses of cells and modules can be 
measured using a spectrophotometer. McIntosh et al. have quantified the 
parasitic absorptance of ethylene vinyl acetate (EVA) and other encapsulant 
materials through simulation [1].  However, the parasitic absorptance losses 
of PV modules as a function of wavelength had, prior to this work, not been 
quantified experimentally. 
 
In this chapter, a method to experimentally quantify this parasitic 
absorptance loss in silicon wafer based PV modules is introduced [2], [3]. 
This approach uses the assumption that the internal quantum efficiency (IQE) 
of the solar cell remains the same after it is encapsulated. Using the method, 





Consider a solar cell in air. We can define the internal quantum 
efficiency (IQE) of the cell as follows [4]:  
 
              
             
           
 (2.1) 
9 
where EQEcell.air is the cell‟s external quantum efficiency measured in air, and 
Acell.air is the optical absorptance of the cell measured in air. Using the fact that 
light impinging on the cell is either reflected, absorbed or transmitted, we 
have  
 
                                (2.2) 
 
where Rcell.air is the hemispherical reflectance of the entire cell surface 
(metallised and non-metallised regions) measured in air, Acell.air is the 
absorptance in the entire solar cell (this includes absorption in the front metal 
contacts, the antireflection coating (ARC), the semiconductor layers and the 
back metal contact), and Tcell.air is the transmittance through the cell. Using the 
fact that Tcell.air is usually zero for the wavelength range of interest (300 nm < 
  < 1100 nm in the case of c-Si), we can rewrite Equation (2.1) as the more 
familiar 
 
           
          
            
 (2.3) 
 
The IQE of the cell is then the fraction of charge carriers collected per 
incident photon that is not reflected by the cell. Experimentally, it can be 
obtained by measuring the cell‟s external quantum efficiency (EQEcell.air) and 
the cell‟s hemispherical reflectance (Rcell.air).  
 
After encapsulation, the amount of light that is absorbed by the cell 
changes, and so does the current generated. The cell‟s IQE after 
encapsulation can be defined as 
 
           
          
        
 (2.4) 
 
where IQEcell.mod is the IQE of the cell which is inside the module, Acell.mod is 
the fraction of light which is absorbed by the cell inside the module, and 




The light impinging on the module is either reflected, parasitically 
absorbed in the module, or absorbed by the cell (assuming T = 0). Light that 
is neither reflected nor parasitically absorbed by the module is then absorbed 
by the cell, giving 
 
                            (2.5) 
 
The cell‟s IQE after encapsulation then becomes 
 
           
          
                   
 (2.6) 
 
Assuming that the cell‟s IQE is not changed by the encapsulation 
process, i.e. 
 
                          (2.7) 
 
 we obtain: 
 
          
            
 
          
                   
 (2.8) 
 
Re-arranging Equation (2.8), we get the parasitic absorptance (Apara.mod) 
in terms of measurable quantities: 
 
                   
                      
          
 (2.9) 
 
From Equation (2.9), Apara.mod can be obtained by measuring the cell‟s 
reflectance and EQE before encapsulation and the module‟s reflectance and 
EQE after encapsulation.  
 
The existing optical loss analysis of a PV module consists of measuring 
only the module reflectance. Using the method discussed, the optical parasitic 
absorptance loss can now be quantified experimentally.  
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2.3 Experimental details 
 
This section explains the required experimental set-up to quantify the 
optical parasitic absorptance. The reflectance and the EQE of bare cells were 
first measured. The solar cells used in this study were standard 
multicrystalline silicon wafer cells with a grid-like electrode on the front 
surface („H-pattern‟) and a fully metallised rear surface. Tabbing ribbons were 
then soldered onto the cells using a 4-wire configuration as shown in Figure 
2-1. The cells were then laminated into single-cell mini-modules using the 
encapsulant and glass of interest. Then, the reflectance and EQE of the mini-
modules were measured under normal incident light. From the reflectance 
and EQE measurements, the parasitic absorptance was then calculated using 
the method discussed in section 2.2.  
 
 
Figure 2-1. Photograph of one of the fabricated single-cell modules. 
 
2.3.1 Cell and module reflectance measurements  
The hemispherical reflectance was measured using a UV-VIS-NIR 
spectrophotometer (Perkin Elmer, Lambda 950) and an integrating sphere. 
The solar cells were carefully placed such that the measurement spot (size 16 
mm  3.5 mm) always covered the same number of metal fingers. Note that 
light was incident on all samples at an incident angle of 8° from the normal, to 
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prevent specularly reflected light from escaping the integrating sphere 
through the entry port.  
 
2.3.2 Cell and module EQE measurements 
The cell and module EQE were measured using a spectral response 
system (model Fimo-210 from Aescusoft) that has a filter wheel-based 
monochromator with 34 individual filters. The illuminated area in the measure-
ment plane is up to 210 mm × 210 mm. From the spectral response 
measurement, the standard EQE of the solar cell is determined using the 
calibration values from the used reference cell. The reference cell has a 
similar size as the measured solar cell, which minimises effects from lateral 
non-uniformities of the intensity of the monochromatic light. For module EQE 
measurements, a black mask was used to shade the non-cell areas of the 
module. This ensures that no module backsheet area was exposed to the 
illumination and hence no photons can be reflected by the white diffusive 
Tedlar backsheet and steered to the front surface of the cell (via internal 
reflection at the front glass-air interface), a phenomenon discussed in the 
literature [1, 5, 6]. Without the mask, the EQE of the single-cell module could 
be over-estimated by up to 10 % [7].  
 
Using the method discussed, comprehensive optical loss analyses for 
PV modules with different structures (encapsulant materials, glass structures) 
were performed. 
 
2.4 Comparison of PV modules with different ethylene 
vinyl acetate (EVA) films 
 
The optical parasitic absorptance of modules with ethylene vinyl acetate 
(EVA) from two manufacturers was first investigated using the methods 
discussed in Sections 2.2 and 2.3. The investigated module structures are 
schematically shown in Figure 2-2. Module 1 was encapsulated with 
conventional EVA. Module 2 was encapsulated with super-clear EVA, which 
is claimed by the manufacturer to have superior transparency.  Five modules 




Module 1: Planar glass / EVA A / cell / EVA A / 
Tedlar 
 
Module 2: Planar glass / EVA B/ cell / EVA B / 
Tedlar 
Figure 2-2. PV module structures investigated in this study. 
 
2.4.1 EVA transmittance spectra investigation 
To further understand the parasitic absorptance difference between 
modules with different EVA materials, transmittance spectra for single layers 
of EVA were also investigated (see Figure 2-6).  Single layers of conventional 
and super-clear EVA were cured in a laminator between two Teflon sheets. 
The Teflon sheets prevent the EVA from adhering to the laminator surfaces. 
These cured single-layer EVA sheets were then detached from the Teflon 
sheets and then placed between a UV light source and a spectrometer.  
 
2.4.2 Results 
Individual measurement results for modules with the same structure 
vary slightly due to variation between different cells. Figure 2-3 shows the 
measured reflectance and EQE curves of a representative module of 
structure 1 with conventional EVA. It can be seen that at wavelengths below 
about 370 nm, EQEcell.mod is much lower than EQEcell.air, despite much lower 
reflectance values for the module. Considering that the IQE of the solar cell is 
not changed by the encapsulation process, it follows that the encapsulation 
process has caused significant parasitic losses at these wavelengths.  
 
Figure 2-4 shows the measured reflectance and EQE curves of a 
representative module of structure 2 with super-clear EVA. Compared to 
Figure 2-3, modules encapsulated with super-clear EVA show much higher 
EQE at short wavelengths. In fact, the module EQE is higher than cell EQE at 












encapsulation of cell. One can infer that the parasitic losses for module 
encapsulated with super-clear EVA is much lower. 
 
(a) (b)   
Figure 2-3. (a) Measured EQE of cell and module (module structure 1).  (b) Corresponding 
reflectance measurements. 
 
(a) (b)   
Figure 2-4.  (a) Measured EQE of cell and module (module structure 2).  (b) Corresponding 
reflectance measurements. 
 
Using the data from Figure 2-3 and Figure 2-4, parasitic absorptance for 
modules encapsulated with conventional EVA and super-clear EVA is 
calculated and compared as shown in Figure 2-5. For parasitic absorptance, 
the spectral resolution is limited by the wavelengths of the EQE 
measurements, which are shown by the symbols in the figure.  
 






















































































Figure 2-5. Parasitic absorptance for modules encapsulated with conventional EVA (Module 1) 
and modules encapsulated with super-clear EVA (Module 2). 
 
Modules encapsulated with conventional EVA show very high parasitic 
absorptance at short wavelengths. The high parasitic absorptance for 
conventional EVA is probably due to the addition of UV absorbers to improve 
the photostability of the EVA and to prevent browning or discoloration of EVA 
when deployed under outdoor condition as reported by several studies [8], [9].  
 
It is interesting to see that the modules encapsulated with super-clear 
EVA have very low parasitic absorptance at short wavelengths. The low 
parasitic absorptance at short wavelengths is causing the module 
encapsulated with super-clear EVA to exhibit high EQE in this spectral range. 
Several authors have shown an improvement in EQE at short wavelengths for 
solar cells encapsulated in modules with luminescent down-shifting (LDS) 
EVA where the traditional UV blockers are replaced by luminescent down-
shifting molecules [10]–[13]. In order to investigate whether or not our super-
clear EVA contains luminescent down-shifters, we investigated the 
transmittance of UV light through single films of conventional and super-clear 
EVA, as shown in Figure 2-6.    
 






























Figure 2-6. Spectra of a UV lamp measured directly, and after passing through a single layer of 
either conventional EVA or super-clear EVA.  
 
Figure 2-6 shows that conventional EVA blocks much of the UV light, 
whereas the special EVA does not block any UV light. If the super-clear EVA 
contains LDS molecules, we would expect to see a reduction in transmittance 
in the UV range and a luminescent peak in the visible region. Since neither of 
these features is present in the blue curve in Figure 2-6, we conclude that the 
super-clear EVA does not contain LDS components. This also suggests that 
the super-clear EVA‟s exceptionally good transparency in the UV range is 
probably due to it not containing any UV absorbers.  
 
The photostability of EVA has been comprehensively studied, for 
example at the National Renewable Energy Laboratory (NREL) [14], [9], [15], 
[16]. UV absorbers have been added into conventional EVA sheets for years 
now, to slow down the photodegradation process. The apparent absence of 
UV absorbers in this super-clear EVA gives rise to some concerns about the 
long-term photostability and reliability of this EVA under outdoor operating 
conditions. Hopefully the manufacturer has found some other means of 
preventing browning in this product. 
  




























2.4.3 Calculation of the solar spectrum weighted average losses 
and gains 
The optical losses Rcell.air, Rmod, and Apara.mod can be converted into solar 
spectrum weighted average losses as follows:  
 
           
∫                    
∫          
 (2.10) 
 
       
∫                
∫          
 (2.11) 
 
           
∫                    
∫          
 (2.12) 
 
where Fph is the photon flux for the standard solar spectrum AM1.5G, 
WARcell.air is the weighted average loss due to Rcell.air, WARmod is weighted 
average loss due to Rmod and WAApara.mod is weighted average loss due to 
Apara.mod. The values represent the percentage of the photons that are lost due 
to optical losses compared to all incident photons of an incident spectrum of 
interest. 
 
Similarly, the Acell.air and Acell.mod can also be converted into weighted 
average gains using the solar spectrum of interest. 
 
           
∫                    
∫          
 (2.13) 
 
           
∫                    
∫          
 (2.14) 
 
where WAAcell.air and WAAcell.mod are the percentages of photons that are 
absorbed in the non-encapsulated cell and encapsulated cell, respectively. 
 
The weighted average losses and gains (for cell and module) for the 
two module structures (averaged over 5 sets of data for each module 
structure) have been calculated using Equations (2.10) to (2.14) and are 
summarized in Table 2-1. For these calculations, Fph for the standard solar 
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spectrum AM1.5G and a wavelength range of 300-1100 nm were used. Note 
that for a non-encapsulated cell,                          , and for a 
module,                              .  
 
Table 2-1. Weighted average losses and gains of the modules with different type of EVA 
(AM1.5G spectrum, normal incidence). 




















10.1±0.4 89.9±0.4 7.73±0.1 2.11±0.6 90.2±0.7 
 
It is clear from Table 2-1 that the modules with super-clear EVA have 
about 1% absolute lower WAApara.mod under the AM1.5G spectrum compared 
to modules encapsulated with conventional EVA. While module 1 shows a 
small decrease in absorptance in the cell after encapsulation, module 2 with 
super-clear EVA shows a small increase in cell absorptance after 
encapsulation. This shows the importance of module materials selection in 
determining the optical performance of PV modules.  
 
2.4.4 Calculation of the cell short-circuit current density 
Alternatively, the optical losses Rcell.air, Rmod, and Apara.mod can be 
converted into short-circuit current density (Jsc) losses.  
 
          ∫                                       (2.15) 
 
         ∫                                   (2.16) 
 
             ∫                                       (2.17) 
 
where coulomb q is the fundamental unit of electrical charge. 
 
These short-circuit current density losses signify the loss of current 
generation opportunity in the solar cell due to the optical losses.  
 
19
Short-circuit current density of the cell can also be calculated from the 
EQEcell.air and EQEcell.mod using the following equations. 
 
          ∫                          (2.18) 
 
        ∫                          (2.19) 
 
The short-circuit current density losses and the short-circuit current 
density (for the cells and modules) for the two module structures (averaged 
over 5 sets of data for each module structure) were calculated using 
Equations (2.15) to (2.19) and are summarized in Table 2-2. From the table, 
we see that the cells encapsulated in the mini-modules with conventional EVA 
lose an average of 0.39% of their short-circuit current density after 
encapsulation, whereas the cells encapsulated in the mini-modules with the 
super-clear EVA gain an average of 0.27% of their short-circuit current 
density after encapsulation. This is due to the fact that the modules 
encapsulated with super-clear EVA suffer less current loss due to parasitic 
absorptance.  
 
Table 2-2. Short-circuit density losses and short-circuit current density for modules with 
different type of EVA (AM1.5G spectrum, normal incidence). 
Module  
# 
Structure Cell Module 

































3.44±0.1 33.50±0.1 2.72±0.04 0.636±0.2 33.59±0.3 0.27 
 
2.5 Comparison of PV modules with different encapsulant 
and front glass. 
 
With the methods discussed in Sections 2.2 and 2.3, the optical 
parasitic absorptance for PV modules with different encapsulant materials 
and front glass structure is further investigated in this section. The 
investigated module structures are schematically shown in  




Module 1: Textured glass (Albarino) / EVA / cell / 
EVA / Tedlar 
 
 
Module 2: Textured glass (Albarino) / ionomer / 
cell / ionomer / Tedlar 
 




Module 4: Planar glass / ionomer / cell / ionomer / 
Tedlar 
 
Module 5: AR coated planar glass / EVA / cell / 
EVA / Tedlar 
 
Module 6: AR coated planar glass / ionomer / cell / 
ionomer / Tedlar 
 
Figure 2-7. The six PV module structures investigated in this study. 
 
The materials used for these modules were commercially available. All the 
glasses used were made specifically for PV applications and have low iron 
content. The textured Albarino glass was made by Saint-Gobain specifically 
for PV applications [17]. Duell et al. have shown such glass to perform better 
optically, by giving higher short-circuit current at high incident angles [18]. The 
ethylene vinyl acetate (EVA) is a very commonly used polymer for 
encapsulating PV modules. The ionomer encapsulant (DuPontTM 5300) is 
made by DuPont, and has been used for laminating safety glass for more 
than two decades. Commercially available monocrystalline silicon wafer cells 
were selected for this study. 
 
2.5.1 Results 
Figure 2-8 shows the measured reflectance and EQE curves of PV 
module structure 3. It can be seen that at wavelengths below about 370 nm, 
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EQEcell.mod is much lower than EQEcell.air, despite much lower reflectance 
values for the module. Considering that the IQE of the solar cell is not 
changed by the encapsulation process, it follows that the encapsulation 
process has caused significant parasitic losses at these wavelengths. Figure 
2-9 shows the Apara.mod of EVA and ionomer encapsulated modules, for both 
planar and textured (Albarino) glass. For Apara.mod the resolution is limited by 
the EQE measurements, which are shown by the symbols in the figure. The 
two graphs show similar trends. We see that Apara.mod is very high below about 
370 nm and very small for wavelengths above 420 nm. Compared to EVA 
encapsulated modules, ionomer encapsulated modules exhibit higher Apara.mod 
in the transition range (370-420 nm). AR coated glass (not shown here) 
shows similar trends. It is important to note that, since we are slightly 
underestimating the module reflectance (because of higher metal fraction in 
the total encapsulated cell area compared to the measured spot), the Apara.mod 
is slightly overestimated.  
 
Next, the effect of the different types of glass on Apara.mod was 
investigated. Three types of glass (planar, textured, and AR-coated planar 
glass) were evaluated, as shown in Figure 2-10. As can be seen, the trends 
are very similar, regardless of the type of glass. It is concluded that Apara.mod is 
due mostly to the encapsulant material used. Different types of glass do, 
however, have a second-order effect on Apara.mod. Because of the textured 
surface of Albarino glass, it refracts light at the air-glass interface and causes 
the light to travel a longer distance inside the glass and encapsulant, further 
promoting absorption. This causes modules with Albarino glass to exhibit 
slightly higher Apara.mod, as seen in Figure 2-10. 
 
(a) (b)  













































(a) (b)  
Figure 2-9. Measured parasitic absorptance (Apara.mod) of four different module structures 
(planar or textured glass, EVA or ionomer encapsulant). (a) Textured glass (Albarino); (b) 
Planar glass.  
 
(a) (b)  
Figure 2-10. Parasitic absorptance (Apara.mod) comparison between Albarino, planar and ARC 
glasses. (a) Encapsulated using EVA. (b) Encapsulated using ionomer 
 
2.5.2 Solar spectrum weighted average losses and gains 
Using the method discussed in section 2.4.3, the optical losses Rcell.air, 
Rmod, and Apara.mod are converted into solar spectrum weighted average 
losses. Similarly, the Acell.air and Acell.mod are converted into weighted average 
gains using the solar spectrum of interest. 
 
The weighted average losses and gains (for cell and module) for 
various module structures calculated using Equations (2.10) to (2.14) are 
summarized in Table 2-3. For these calculations, photon flux for the standard 
solar spectrum AM1.5G and a wavelength range of 300-1100 nm were used. 
Note that for a non-encapsulated cell,                         , and for a 
module,                               . The experimentally 
calculated WAApara.mod loss of 3.5% for module structure 3 is in good 
agreement with the value obtained using ray tracing simulation [1]. 
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8.5 91.5 5.3 5.4 89.3 
3 Planar-EVA-Tedlar 8.6 91.4 6.4 3.5 90.1 
4 Planar-Ionomer-Tedlar 8.6 91.4 6.2 4.6 89.2 
5 ARC-EVA-Tedlar 8.6 91.4 4.5 3.6 91.8 
6 ARC-Ionomer-Tedlar 8.7 91.3 4.9 4.8 90.3 
 
It is clear from Table 2-3 that the ionomer-encapsulated modules have 
about 1% higher WAApara.mod under the AM1.5G spectrum compared to EVA-
encapsulated modules. It is also interesting to see that modules with textured 
glass also show higher WAApara.mod because of the higher Apara.mod caused by 
the longer optical pathlength induced by refraction at the air-glass interface. 
This should, however, not be used as an argument against textured glass, 
since textured glass provides a significant reduction in the reflectance at 
higher angles of incidence [18], [19].  
 
All modules are found to have a lower WAAcell.mod compared to 
WAAcell.air, except for module 5 (with ARC and EVA) which shows a slight 
increase in WAAcell.mod. This means that the use of AR-coated glass and an 
encapsulant with low absorption are important in increasing the module‟s 
optical performance.  
 
2.6 Discussion of errors 
 
2.6.1 Fundamental errors 
In the theory section, it is assumed that IQEcell.air = IQEcell.mod. Let‟s now 
explore the validity of this assumption. In defining IQE using Equation (2.1), 
no distinction is made between photons absorbed in the active semiconductor 
material of the cell (ASi) and photons absorbed in the non-active solar cell 
regions (e.g. the ARC layer of the cell (AARC), front metal contact (Afront.metal) 
and the back metal contact (Aback.metal)). These absorptances have been 
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quantified previously through experiments and simulations [20]–[23]. Strictly 
speaking, it is ASi that contributes to the current generation and therefore this 
absorptance should be used to calculate the IQE. However, it is difficult to 
individually quantify all the absorptances (ASi, AARC, Afront.metal, and Aback.metal). 
By lumping together all these cell absorptances, errors are introduced when 
calculating the IQEs. Provided that the ratios of Afront.metal : AARC : ASi : Aback.metal 
don‟t change after encapsulation, the error in IQEcell.air and IQEcell.mod will be 
the same, and therefore the equality IQEcell.air = IQEcell.mod still holds. It is 
postulated that these ratios will not change tremendously because the glass 
and EVA act essentially as a long-pass filter. 
 
The absorptance in the metal (Afront.metal) will change slightly, however, 
because after encapsulation, the photons that are reflected off the front metal 
grid could be totally internally reflected at the front glass surface, and could hit 
another metal surface again, and be absorbed, increasing the total absorption 
in the front metal. However, since the metal fraction is only about 8% of the 
total cell area, and the metal reflectance is high (i.e. the metal absorptance is 
low), the probability of this happening is small. Therefore, the error in 
assuming that IQEcell.air = IQEcell.mod remains negligibly small. 
 
2.6.2 Measurement errors 
Due to the particular configurations of the photospectrometre and 
spectral response (SR) measurement systems, certain systematic errors are 
introduced into the calculation of parasitic absorptance. The SR system 
illuminates the whole cell area, whereas the photospectrometre only 
illuminates a small spot (size 16 mm  3.5 mm). Given that the reflectance 
measurement is done on an area of the cell where there are fingers, but no 
busbars, the metal fraction of the measured spot is not the same as the metal 
fraction of the entire cell. Therefore the measured cell and module reflectance 
is slightly lower than the full-area reflectance (up to 3.5% lower using 
conservative calculations of assuming 100% metal reflectance). Both cell and 
module reflectance measurements suffer this error which will affect the 
calculation of Apara.mod. However, it can be seen from Equation (2.9) that this 
error is cancelled out when the ratio of EQEcell.mod and EQEcell.air is near to 
unity. From Figure 2-3(a) and Figure 2-4(a), it is observed that the EQEcell.mod 
and EQEcell.air ratio is near to unity for most of the wavelength range, except 
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for wavelengths below 400 nm. From this, we can safely assume that the 
calculated Apara.mod is accurate for all wavelengths above 400 nm. Let‟s take 
an example of module encapsulated with normal EVA in section 2.4 to 
quantify the maximum error in the calculation of Apara.mod. Its EQE and 
reflectance are shown in Figure 2-3. Assuming a busbar reflectance of 100% 
and knowing the metal fraction of the busbar region to be 3.5% of the solar 
cell, the measured reflectance underestimates the true reflectance by up to 
3.5%. From Figure 2-3(a), it is observed that maximum error occurs at 300 
nm, where EQEcell.mod and EQEcell.air ratio is zero. This translates to the 
calculated Apara.mod, which is giving a 3.5% absolute overestimated value 




In this chapter, a powerful yet relatively simple method for accurately 
determining the parasitic absorptance losses in silicon wafer based PV 
modules was presented. Using the method, the comprehensive optical losses 
(reflectance and parasitic absorptances) of modules with different 
encapsulant materials and front glass structures were investigated. Various 
optical losses were also converted to weighted average losses with respect to 
the standard solar spectrum (AM1.5G). It was found that an ARC on the glass 
can reduce the reflectance by up to 2%. Parasitic absorptance was found to 
be caused mainly by the encapsulant materials, although the glass structure 
does have a second-order effect. This chapter concluded that the use of AR-
coated glass and an encapsulant with low absorption are important in 
increasing the module‟s optical performance.  
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CHAPTER 3 -  OPTIMAL ORIENTATION AND TILT 




The orientation and tilt angle is one of the most critical parameters that 
affect the energy yield of a PV module or system. This is because the 
orientation and tilt angle determine the amount of solar radiation received by 
the surface of a PV module. Hence, it is crucial to study a PV module optimal 
orientation and tilt angle under outdoor conditions, in order to optimise the PV 
module for real-world conditions (the objective of this thesis).  
 
The optimal orientation and tilt angle for maximising solar irradiation 
collection have been studied in the past. Most of the studies deal only deal 
with specific or small geographical regions [1–14]. In this chapter, the optimal 
orientation and tilt angle in Singapore will first be investigated. From this 
study, various sky models will be compared and validated; the idea is to 
determine the most accurate transposition model for modelling the optimal 
orientation and tilt angle.  
 
Next, using weather station data from online databases [15, 16], the 
optimal orientation and tilt angles for locations around the world will be 
studied. These findings provide useful information for PV system integrators 
on how to best design PV systems for maximised energy production.  
 
3.2 Optimal orientation and tilt angle for maximising in-
plane solar irradiation for PV applications in 
Singapore 
 
Among the most important parameters that affect the performance of a 
PV system are the orientation and tilt angle selected for the array installation 
30
which determines the amount of solar radiation received by the surface of the 
PV modules. For Singapore (1.37° N, 103.75° E), with limited land area 
(country size ~720 km2), it is desirable that modules are oriented in such a 
way as to harness the maximum solar energy possible. In this section, we 
study the optimal orientation and tilt angle for fixed-tilt PV systems in 
Singapore for maximizing solar energy resource harvesting, using both 
modelling and experimental approaches.  
 
In the past, many authors presented models to predict solar radiation on 
inclined surfaces from the typically measured global horizontal irradiance 
(GHI) and diffuse horizontal irradiance (DHI) [17–24]. While the direct beam 
radiation on a tilted surface can be calculated using geometric relations, the 
conversion for the diffuse radiation is more complex and has been 
approached using different models. The first-generation model converts the 
horizontal diffuse radiation to the tilted plane by assuming that the total sky 
diffuse radiation content is isotropically distributed [17]. However, this 
assumption is not strictly true. Newer models treat the diffuse radiation 
component as anisotropically distributed, where the irradiance is treated as 
the sum of circumsolar and background sky diffuse components [18–24].  
 
For this study, three transposition models (Liu-Jordan [17], Klucher [20], 
and Perez et al. [24]) are investigated to find the best model for Singapore‟s 
climatic conditions. The accuracies of the models are determined by 
comparing the estimated results with the measured values in the field. 
Comparisons are made for surfaces oriented at 60° NE with tilt angles of 10°, 
20°, 30°, 40° and vertically mounted surfaces facing north, south, east, and 
west. The normalized root mean square error (NRMSE) statistical method is 
used to quantify the accuracy of each model compared to the measured 
results. The 60° NE orientation was chosen based on the initial guess that this 
orientation will receive the most solar irradiation during the period studied.  
 
Using hourly GHI and DHI data measured over a period of 3 years, the 
annual irradiation variability in Singapore is observed. Additionally, the data 
are used to calculate the hourly tilted irradiance for all possible tilt angles and 
orientations. The hourly tilted irradiances are then summed up in order to 
obtain annual tilted irradiation. The tilt angle and orientation that yield the 
highest annual tilted irradiation is considered to be the optimal tilt angle and 
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orientation for the observed year. Finally, with the availability of data from a 
PV site during the third year of assessment, the estimated optimal orientation 
is validated with a one-year evaluation of the PV systems‟ monitored data.  
 
3.2.1 Irradiance measurement station for model evaluation 
The irradiance measuring station (Figure 3-1) is located on the roof of 
the Solar Energy Research Institute of Singapore (SERIS) building at the 
National University of Singapore (NUS) campus (1.30° N, 103.77° E). It 
commenced operations in June 2010. 
 
 
Figure 3-1. Photograph of the irradiance measurement station located on the roof of the Solar 
Energy Research Institute of Singapore (SERIS). 
 
In its final configuration, twelve irradiance measurement sensors are 
installed: one crystalline silicon sensor tilted at 0° measuring GHI, four 
crystalline silicon sensors facing 60° NE tilted at 10°, 20°, 30° and 40°, four 
crystalline silicon sensors vertically tilted facing north, south, east and west, a 
pyranometer (CMP11 from Kipp & Zonen) measuring GHI, and a sunshine 
pyranometer (SPN1 from Delta-T) measuring both GHI and DHI.  
 
All silicon sensors are calibrated every two years at Fraunhofer ISE‟s 
CalLab with ± 2% accuracy, while all other sensors are calibrated at the same 
time interval at the respective manufacturers. The silicon sensors are 
crystalline silicon photovoltaic devices with temperature correction. After the 
station completed a 1-year period of data collection in May 2011, the annual 
averages for GHI and DHI for the following two years (June 2011 to May 
2013) were created, by plotting a moving 12-month average (average over 
the previous 12 months) of these two irradiation parameters for comparison 
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against the long-term typical meteorological year (TMY) for Singapore as per 
Meteonorm 7.1 [25] (see Figure 3-2). 
 
Although climatic conditions do vary on a yearly basis in Singapore, 
they usually stay within a range of ±16% [26], as also shown in Figure 3-2. 
 
 
Figure 3-2. Average annual GHI and DHI shown as a moving 12-month average. The TMY for 
Singapore as per Meteonorm 7.1 [25] is 1,632 kWh/m
2
∙yr for GHI and 934 kWh/m
2
∙yr for DHI. 
 
All sensors are installed on the rooftop without obstructions from nearby 
buildings, hence free from any shading throughout the year. The sensors are 
cleaned every week, to prevent soiling accumulation. Data sampling for all 
parameters takes place every 1 second, with logging at 1-minute intervals. 
 
For an initial analysis of the weather conditions in Singapore, data from 
the first full 12-month period (June 2010 to May 2011) for GHI and DHI are 
analysed. For in-depth analysis, tilted silicon sensors were installed during the 
second year. We average data to hourly intervals for calculation and 
comparison with the modelled results (second full 12-month period, from June 
2011 to May 2012). Finally, with the availability of data from PV systems, a 
third year (June 2012 to May 2013) is used for the validation of our findings. 
  

















































12-month moving average (24 months)
TMY GHI +16%
33
3.2.2 Computational methodology 
Three transposition models are used to convert the hourly measured 
global horizontal irradiance (GHI) and diffuse horizontal irradiance (DHI) into 
hourly tilted irradiance. The models are Liu and Jordan‟s isotropic diffuse sky 
model [17], Klucher‟s model [20], and the Perez et al. model [24]. The Liu-
Jordan model is one of the earliest and simplest models. Because of its 
simplicity, it is most widely used in estimating the tilted irradiance. The models 
from Klucher and Perez et al. offer better accuracy, but increase the 
computational complexity. The idea of the present study is to investigate 
models with different complexity and to benchmark their accuracy in 
modelling tilted irradiance for Singapore‟s climatic conditions. 
 
3.2.2.1 Liu-Jordan model 
The Liu-Jordan model is one of the earliest and simplest irradiance 
models [17]. It assumes an isotropic diffuse sky. The radiation on the tilted 
surface is considered to consist of three components: direct (beam), isotropic 
diffuse, and solar radiation diffusely reflected from the ground (albedo). It can 
be represented in the following way: 
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where IT is the irradiance on the tilted plane, Ib the beam irradiance on a 
horizontal surface, θ the angle between the direct radiation and the normal to 
the surface, θz the angle between the direct radiation on the horizontal 
surface (zenith angle), Id the diffuse horizontal irradiance, β the tilt angle, I the 
global horizontal irradiance, and ρg the ground reflectance (assumed to be 
0.2). An in-depth treatment of this model is available in the literature [17, 27, 
28]. 
 
 θ and θz change throughout the day and year and can be calculated 
as follows [27]: 
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where  
 is the declination angle, i.e. the angular position of the sun at solar noon 
with respect to the plane of the equator;                 
 is the latitude, i.e. the angular location north or south of the equator. 
 is the surface azimuth angle. This angle is used to indicate the direction 
where a PV module is facing.   
 is the hour angle that expresses the time in angular measurement from 
solar noon, at 15° per hour. At solar noon, the hour angle is 0°. For local time 
before solar noon, the hour angle is expressed as negative degrees. For local 
time after solar noon, the hour angle is expressed as positive degrees. 
 
The assumption of the diffuse component of the solar irradiation to be 
isotropic in nature is not strictly true (i.e., it is anisotropic to some extent). 
There is an increase in radiation intensity around the circumsolar region (sky 
near the solar disk) and at the horizon. The circumsolar brightening is caused 
by the strong forward scattering of aerosols [22, 23, 29]. The horizon 
brightening is due to multiple Rayleigh scattering in the clear atmosphere [22, 
23, 30].  
 
3.2.2.2 Klucher model 
Temps and Coulson [19] developed an anisotropic sky model for a clear 
sky by modifying the isotropic model, to take into account the horizontal and 
circumsolar brightening: 
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accounts for the increase in sky light near the horizon during clear days, and 
                accounts for sky brightening near the sun.  
 
In further studies, Klucher showed that the Temps-Coulson model 
provides an excellent prediction for clear-sky conditions, but overestimates for 
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overcast skies. He also found the opposite to be true for the Liu-Jordan 
model. He then further modified the Temp and Coulson model to [20]: 
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 is the modulating function to correct the Temps and 
Coulson clear-sky anisotropic model. Under an overcast sky, F becomes 
zero, reducing the Klucher model to the Liu-Jordan model. Under a clear sky, 
F approaches 1, reducing the Klucher model to the Temp-Coulson model.  
 
3.2.2.3 Perez et al. model 
The Perez et al. model [24] is based on a detailed statistical analysis of 
the sky‟s diffuse components. The model breaks the diffuse irradiance into 
three components of isotropic background, circumsolar and horizon zone: 
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where Id,tilt is the total tilted diffuse irradiance, F1 the circumsolar brightness 
coefficient, and F2 the horizon brightness coefficient. F1 and F2 are related to 
sky irradiance conditions which are described using three variables: sun 
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where Ib,n is the direct normal irradiance. The sky brightness index ∆ is 
defined as 
 






where m is the air mass and IE the extra-terrestrial irradiance. For the model, 
ε is separated into 8 bins. For different bins, the brightness coefficients F1 and 
F2 are considered as linear functions of θz and ∆:  
 
F1 = f11(ε) + ∆f12 (ε) + θzf13(ε) (3.9) 
 
F2 = f21 (ε)+ ∆f22 (ε) + θzf23(ε) (3.10) 
 
where the six coefficients fij for each category of ε are found by the least-
squares fit to the experimental data. A recommended set of these coefficients 
(using experimental data from different locations and climatic conditions [24]) 
is given in Table 3-1.  
 
Table 3-1. Perez et al. model coefficients to describe different sky conditions [24] 
ε f11 f12 f13 f21 f22 f23 
[1, 1.065) -0.0083 0.5877 -0.0621 -0.0596 0.0721 -0.0220 
[1.065, 1.23) 0.1299 0.6826 -0.1514 -0.0189 0.066 -0.0289 
[1.23, 1.5) 0.3297 0.4869 -0.2211 0.0554 -0.064 -0.0261 
[1.5, 1.95) 0.5682 0.1875 -0.2951 0.1089 -0.1519 -0.0140 
[1.95, 2.8) 0.8730 -0.3920 -0.3616 0.2256 -0.4620 0.0012 
[2.8, 4.5) 1.1326 -1.2367 -0.4118 0.2878 -0.823 0.0559 
[4.5, 6.2) 1.0602 -1.5999 -0.3589 0.2642 -1.1272 0.1311 
[6.2, ∞) 0.6777 -0.3273 -0.2504 0.1561 -1.3765 0.2506 
 
To find the total tilted irradiance, the beam irradiance and the ground 
reflectance must be added. 
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Using the three models, hourly measured global horizontal irradiance 
(GHI) and diffuse horizontal irradiance (DHI) are converted into hourly tilted 
irradiance for different orientations and tilt angles of interest. The modelled 
results are then compared with the experimental results. 
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3.2.3.1 Measurement results 
Readings from calibrated crystalline silicon irradiance sensors at 
various orientations and tilt angles were analysed (over a period of 12 
months) to provide a validation of the modelling results; they also serve as an 
initial indication of the optimal orientation and tilt angle for maximum energy 
harvesting. The annual irradiation (from the chosen 12-month period from 
June 2011 to May 2012) received by each silicon sensor is summarized in 
Table 3-2. As can be seen, the horizontal sensor and the sensor oriented at 
60° NE with tilt angle of 10° received the highest annual irradiation. Among all 
the vertically tilted sensors, the east-facing sensor received the highest 
annual irradiation. However, since the uncertainty of the measurement (± 2%) 
is higher than the gain/loss verified for silicon sensors within the 0-20° tilt 
range, it is not possible to determine the best tilt angle. 
 
From the yearly measurements, a „typical meteorological day‟ (TMD) 
can be defined. The TMD is obtained by averaging the yearly measurements 
(1-hour data) into a single day. Since Singapore, being located close to the 
equator, has little seasonal variations, the TMD is used to represent a typical 
day in Singapore. The TMDs for irradiance sensors at different orientations 
are shown in Figure 3-3. From Figure 3-3, among the group of sensors 
oriented at 60° NE, the maximum irradiance is observed for a tilt angle of 10°. 
Further increasing the tilt angle leads to a decreasing irradiance capture. Also 
noticeable is that the east façade irradiance sensor has a much higher 
irradiance distribution compared to the west façade sensor. This can be 
explained by the fact that Singapore is usually sunnier in the morning 
compared to the afternoon, because of cumulus clouds building up in the 
afternoon, which is typical for tropical locations.  The sensor facing north has 
a slightly higher irradiance pattern than the sensor facing south, even though 
the sun path in Singapore is equally long in the south as in the north, due to 





Table 3-2.  Annual irradiation (kWh/m
2
) received by crystalline silicon sensors at different 
orientations and tilt angles in Singapore from June 2011 to May 2012. Baseline is the 0° tilt 
sensor. 
Orientation, tilt angle Annual irradiation [kWh/m
2
] Gain/loss vs. baseline [%]  
-, 0° tilt 1,524 N.A. (baseline)  
60° NE, 10° tilt 1,524 ±0.0%  
60° NE, 20° tilt 1,495 -1.9%  
60° NE, 30° tilt 1,438 -5.6%  
60° NE, 40° tilt 1,361 -10.7%  
0° N, 90° tilt 597 -60.8%  
180° S, 90° tilt 545 -64.3%  
90° E, 90° tilt 784 -48.5%  
270° W, 90° tilt 685 -55.0%  
 
Table 3-2 and Figure 3-3 provide a first indication that PV 
modules/systems facing east would receive a higher amount of solar 
irradiation in Singapore.  
 
 
Figure 3-3. Irradiance distributions for a typical meteorological day (TMD) in Singapore based 
on empirical data from June 2011 to May 2012 for irradiance sensors facing 60° NE, tilted at 0°, 
10°, 20°, 30° and 40° and vertically mounted irradiance sensors facing north, south, east and 
west (1-hour data; the lines are guides to the eye). 
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3.2.3.2 Irradiance model comparison 
Using the hourly measured global horizontal irradiance (GHI) and 
diffuse horizontal irradiance (DHI) over the 1-year period, tilted irradiance 
values for the different orientations and tilt angles of interest are calculated. 
The derived irradiances using the Perez et al. model are compared with the 
measured readings and shown in Figure 3-4 for 10⁰, 20⁰, 30⁰ and 40⁰, and in 
Figure 3-5 for the façade sensors.  
  
At lower tilt angles, the modelled results are highly accurate; at higher 
tilt angles, the modelled values show a stronger deviation. This is due to the 
error by assuming a constant ground reflectance (ρg) of 0.2. At higher tilt 
angles, both the diffuse component and the ground reflected component of 
sunlight become more dominant in determining the total tilted irradiance; the 
small error in g is exacerbated at higher tilt angles.  
 
For comparison of the three different models, we use the statistical 
normalized root mean square error (NRMSE) method to calculate the 
deviation of the modelled results from the measured results. The NRSME 
results for the three models are shown in Table 3-3, for all different 
orientations and tilt angles. 
 
 
Figure 3-4. Measured versus modelled irradiance using the Perez et al. model for irradiance 
sensors oriented at 60° NE with tilt angles of 10°, 20°, 30° and 40° in Singapore. The 
comparison is done for the full 12-month period from June 2011 to May 2012. 
 
































































































































Figure 3-5. Measured versus modelled irradiance using the Perez et al. model for vertically 
tilted irradiance sensors facing north, south, east and west in Singapore. The comparison is 
done for the full 12-month period from June 2011 to May 2012. 
 
Table 3-3. Comparison of the normalized root mean square error (NRMSE) for all different 
orientations and tilt angles available at SERIS‟ meteorological station in Singapore for the three 
transposition models: Liu-Jordan, Klucher, Perez et al.  
 
























1.0 1.9 2.8 3.7 6.4 7.8 5.0 5. 2 
 
Klucher 1.2 1.6 2.3 3.0 4.5 5.3 4.3 4.1  
Perez 
et al. 
0.6 1.1 1.6 2.2 3.6 5.1 3.0 3.2 
 
 
From Table 3-3, it can be seen that all models offer very accurate 
results at low tilt angles. As the angle increases, the NRMSE also increases. 
Among all three models, the model from Perez et al. offers the most accurate 
results (i.e., lowest NRMSE). This is not surprising because this model 
consists of coefficients that are obtained empirically and statistically based on 
different sky conditions. Since the Perez et al. model offers the most accurate 
predictions, it is used below to find the optimal orientation and tilt angles for 
PV modules in Singapore‟s climatic conditions. 
 

























































































































3.2.3.3 Optimal orientation and tilt angle for maximum annual tilted 
irradiance harvesting 
Using the Perez et al. model, the annual tilted irradiation for all possible 
orientations and tilt angles were calculated. The annual tilted irradiation is 
obtained by summing the hourly tilted irradiance over the period of 12 
months. For all possible orientations and tilt angles, the annual tilted 
irradiation can be calculated as follows:  
 
              ∑   
      




where the annual tilted irradiation IT.annual is a function of tilt angle β and 
orientation  .  
 
At this stage, we have annual tilted irradiation for all possible orientations and 
tilt angles, as visualized in Figure 3-6 to Figure 3-8. 
  
The optimal orientation and tilt angle are determined by finding the 
value of orientation and tilt angle that yield the maximum annual tilted 
irradiation: 
 
          (         )     {        } (3.13) 
 
where Gopt.annual is the optimal annual tilted irradiation, βopt the optimal tilt 
angle, and      the optimal orientation.  
 
Figure 3-6 summarizes the results in a polar contour plot for the first 
year of data acquired by our station (June 2010 to May 2011). As can be 
seen, a surface oriented slightly south of due east and with a tilt angle of 26° 
would yield the maximum annual irradiation of 1,562 kWh/m2 for the 
evaluated year. This can be explained by the fact that Singapore is usually 
sunnier in the morning than in the afternoon, as mentioned earlier. 
 
Initial findings (Figure 3-6) showed that a module tilted eastwards will 
receive the highest annual solar irradiation in Singapore. However, this 
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observation might be due to the seasonal variation for that particular year. 
The GHI and DHI data were thus measured for two more years (from June 
2011 to May 2012, and then from June 2012 to May 2013). The polar contour 
plots of the annual tilted irradiation for different tilts and orientations are 
shown in Figure 3-7 and Figure 3-8. 
 
Both Figure 3-7 and Figure 3-8 show that a module facing east would 
have received the highest annual irradiation for the two aforementioned years 
under evaluation. The optimal tilt angles shown in Figure 3-7 and Figure 3-8 
are lower than the one showed in Figure 3-6. While there is some seasonal 
variation effect, Figure 3-6, Figure 3-7 and Figure 3-8 confirm that a module 
facing east will receive the highest annual irradiation in Singapore.  
 
 
Figure 3-6. Polar contour plot of annual tilted irradiation for different tilts and orientations in 
Singapore. The radius indicates the tilt angle while the polar angle refers to the orientation. A 
surface facing 97° SE with tilt angle of around 26° receives the highest annual irradiation of 
1,562 kWh/m
2
, shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI data 
of one-year period of June 2010 to May 2011. 
 






Figure 3-7. Polar contour plot of annual tilted irradiation for different tilts and orientations in 
Singapore. The radius indicates the tilt angle while the polar angle refers to the orientation. A 
surface facing 78° NE with tilt angle of around 7° receives the highest annual irradiation of 
1,531 kWh/m
2
, shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI data 




Figure 3-8. Polar contour plot of annual tilted irradiation for different tilts and orientations in 
Singapore. The radius indicates the tilt angle while the polar angle refers to the orientation. A 
surface facing 88° NE with tilt angle of around 9° receives the highest annual irradiation of 
1,523 kWh/m
2
, shown as the „x‟ in the polar contour plot, based on empirical GHI and DHI data 
of one-year period of June 2012 to May 2013. 
  









3.2.3.4 System results  
To further validate the findings of Section 3.2.3.3, several PV systems 
were evaluated with identical monitoring equipment. At the site under study in 
Singapore, four identical PV sub-systems with the same installed capacity, 
same module and same inverter brands and specifications, were analytically 
monitored for a period of 12 months (June 2012 to May 2013). The systems 
are all tilted at 10° and oriented in the four cardinal directions (one sub-
system for each orientation): north (0°), south (180°), east (90°) and west 
(270°). In order to assess the electrical performance of each PV system, both 
the DC and AC outputs were monitored. For the DC output, precision shunts 
and transducers with small uncertainties (± 0.2%), and for the AC output, 
class-0.5% energy meters were installed after each sub-systems‟ inverter 
outputs. The calculation of the performance ratio (PR) of each PV system is 
based on the readings of four in-plane crystalline silicon sensors (one per 
sub-system). Similar to the SERIS meteorological station (Figure 3-1), these 
silicon sensors were also calibrated at Fraunhofer ISE‟s CalLab with ± 2% 
accuracy. The performance ratio (PR) is the ratio of actual AC yield of a PV 
system over the theoretically expected DC yield. The latter is based on 
in-plane irradiance measurements as well as the module‟s power output 
under standard testing conditions (STC). 
 
Figure 3-9 shows the monthly irradiation variations for each of the 
orientations. The east-oriented silicon sensor (1,457 kWh/m2 total annual 
irradiation for the measured period) received +4.1% more irradiation than the 
west-oriented sensor (1,399 kWh/m2). The difference between the north 
facing and south facing sensors was negligible. Overall, the highest annual 
irradiation occurred for the east orientation, which was 1.0% higher than the 
second-best orientation (south) and 4.1% higher than the worst orientation 
(west).  
 
For each PV system, the data was only collected when the site‟s global 
irradiance (GHI) was above 50 W/m2. This threshold was set to arbitrarily 
create a filter level which would guarantee that all four PV systems are 
concurrently operational at a given comparison situation, as well as filtering 
out non-meaningful data around the inverter cut-off point. The overall 
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availability of the monitoring system was excellent, with only about 0.1% of 
data points lost in over half a million points for the analysed period. 
 
 
Figure 3-9. Monthly irradiation variations (shown as daily averages). The two y-axes have been 
offset to facilitate viewing. Lines are guides to the eye. 
 
 As shown in Table 3-4, and as expected from earlier sections, an 
east-oriented PV system will have a higher yield in Singapore compared to 
other azimuths. In the investigated 12-month period, the east-facing system 
produced 2% more electricity than the west-facing system. Relating the 
annual yield to the in-plane irradiance, which is expressed in the performance 
ratio, there was no statistically significant variation between the four 
investigated systems (note that the measurement error is of the order of ± 3% 
[31, 32]). However, the west-facing system might have a slightly better PR 
value; this could be due to the slightly lower module temperatures (~0.6 °C) 
recorded for this system as compared to the east-facing system. As module 
temperatures account for 45-60% of all electrical losses associated with PV 
systems in the tropics [12], even variations in the order of a few ºC can 
significantly affect a system‟s PR ratio. 
 
Climatic conditions do vary on a yearly basis in Singapore, but these 
are usually constrained to ranges within ±16% from TMYs. While the results 
shown in Figure 3-7, Figure 3-8 and Figure 3-9 are empirically drawn from 
different calendar years at the SERIS meteorological station, it could be 
demonstrated that similar patterns of higher irradiation on east-oriented 






































































































































Table 3-4.  Performance parameters of the 4 investigated PV systems. Data logger availability 
was 99.9% for all four systems. 




















], Fig. 9 1,436 1,442 1,457 1,399 
 





] 1,239 1,238 1,252 1,230 
 
Performance ratio [%] 86.9 86.4 86.2 87.7  
Average Tmod, with 
Gmod > 50 W/m
2
 [ºC] 





Using hourly measured global horizontal irradiance (GHI) and diffuse 
horizontal irradiance (DHI) data, modelling was performed to calculate the 
hourly tilted irradiance for different orientations and tilt angles in Singapore. 
The optimal orientation and tilt angle were then determined by finding the 
value for which the total radiation on a particular PV surface was the highest 
for the 3-year period under investigation (June 2010 to May 2013). For this 
study, the sensors at the meteorological station were cleaned every week, to 
prevent soiling effects. For a future study, the investigation of the soiling effect 
for different module orientations will also be taken into consideration. The 
modelling results were validated by irradiance sensors and measurements on 
real-world PV systems.  
 
Using the Perez et al. model, it was found that surfaces facing east-
wards yield maximum annual tilted irradiation in Singapore‟s climatic 
conditions. PV systems at different orientation, but identical tilt and system 
configurations were evaluated, with an east-oriented system showing the 
highest yield. These findings provide useful information for PV system 
integrators, both in Singapore and in equatorial countries with similar climatic 




3.3 Optimal orientation and tilt angle study for locations 
around the world 
 
In the previous section, optimal orientation and tilt angle for maximising 
in-plane solar irradiation in Singapore was studied. It was determined that the 
Perez et al. model is the most accurate transposition model. In this section, 
the analysis is extended to locations around the world using weather data 
obtained from online databases [15, 16], to determine the optimal orientations 
and tilt angles for various locations worldwide.  
 
In addition, the validity of the conventional wisdom in the PV community 
such as orienting the PV module towards the equator and tilting the module at 
latitude is explored. For further insights and comparison, simulation is also 
done considering only the effect of the attenuation of extra-terrestrial 
irradiance through the atmosphere as an alternative to the simulation using 




3.3.1.1 Simulation using weather stations data and Perez transposition 
model 
For this study, hourly GHI and DHI of a typical meteorological year for 
various locations are obtained from online databases [15], [16]. The weather 
data are derived from multiple sources [33]. The data sets consist of a 
combination of both measured and modelled irradiance values.  
 
For most of the weather stations where the data were obtained, most of 
the time only GHI measurements were available. For sites where DHI was not 
measured, it was obtained using various decomposition methods such as the 
Erb, Orgill, Reindl, and Maxwell models [34–37]. Gueymard has shown that 
the decomposition models could introduce an error of up to 15% for mid-
latitude regions [38]. The performance of different decomposition models 
were also studied for Singapore tropical conditions, and an error of a similar 
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magnitude was also found [39]. The implication of this on the determination of 
optimal orientations and tilt angles will be discussed in a later section.  
 
The intensity map for weather data used in this study is shown in Figure 
3-10. In total, data from around 1600 weather stations were used for this 
simulation. As can be seen in Figure 3-10, most of the data originate from the 
United States and Europe. 
 
 
Figure 3-10. Intensity map for weather data used in this study. The bright intensity areas 
indicate regions with a high density of weather data. In total, data from around 1600 weather 
stations were used for the simulation. 
 
There are many models that can be used to quantify the tilted diffuse 
irradiance from the GHI and DHI. For this study, the Perez et al. [24] model is 
used for the transposition, because of its proven accuracy [27, 28, 36, 40–42]. 
It was also shown in the earlier section that the Perez et al. model gave the 
most accurate results for Singapore. Following the same methods as 
described in section 3.2.3.3, the polar contour plots of annual tilted irradiance 
at various orientations and tilt angles are plotted (see Figure 3-11). The 
optimal orientations and tilt angles are then determined from the contour 
plots; they are determined by the highest annual tilted irradiation on the 
contour plots.  For this study, the time value of the electricity is not taken into 




3.3.1.2 Simulation considering the attenuation of the extra-terrestrial 
irradiance through the atmosphere 
In section, 3.3.1.1, weather data for locations around the world are used 
for the simulation of the optimal orientation and tilt angle. However, as 
discussed, there is a large error associated with the use of DHI for the 
simulation. Hence, another simulation approach is suggested to eliminate this 
error and to provide an alternative reference to the weather data simulated 
results.  
 
For this approach, the simulation is performed by considering only the 
effect of the attenuation of the extra-terrestrial irradiance travelling through 
the atmosphere. Essentially, this simulation provides us the dependence of 
optimal tilt angle to the particular location, without the error associated with 
the weather data and without the effect of local climatic conditions.  
 
Considering only the attenuation of the extra-terrestrial irradiance, we 
can calculate the direct normal irradiance reaching the earth‟s surface using 
[43]: 
 
          
        
(3.14) 
 
where Ib,n is the direct normal irradiance, I0 the extra-terrestrial irradiance, and 
AM the air mass. The number 0.7 arises from the fact that about 70% of the 
radiation incident on the atmosphere is transmitted to the Earth‟s surface 
(ground level). The extra power term of 0.678 is an empirical fit to the 
observed data and takes into account the non-uniformities in the atmospheric 
layers [43]. 
  
The extra-terrestrial irradiance I0 varies slightly throughout the year, due 
to the variation of the earth-sun distance. I0 can be calculated by [27], [44]:  
 
                  
    





where n is the day of the year. The air mass (AM) changes throughout the 
day and year and can be calculated as [45]:  
 
   
 




where θz is the zenith angle; it is a function of latitude and the time of day and 
year. Using equation (3.14), the irradiance on a tilted plane for a given latitude 
can be calculated as: 
 
                 (3.17) 
 
where θ is the angle between the direct radiation and the normal to the 
surface; it is a function of module tilt (β), latitude, and the time of day and 
year. Using equation (3.17), a yearly profile of Ib,tilt for different tilt angle and 
latitude is calculated. For each latitude, the optimal tilt is determined by 
finding the tilt angle which yields the maximum annual tilted irradiation:  
 
           (           )     { ∑         
      




where Gopt.theory is the optimal annual tilted irradiation and  βopt.theory the 
theoretical optimal tilt. Using equations (3.14) to (3.18), the optimal tilt angle 
as a function of latitude is calculated.  
 
Note that in this simulation we considered only the direct component of 
the irradiance. For a hypothetical clear sky, there is still a small fraction 
(~10%) of diffuse radiation due to Rayleigh scattering. The diffuse component 





3.3.2 Results and Discussions 
 
3.3.2.1 Optimal orientation and tilt angle  
Using the Perez et al. model, the annual tilted irradiation for all possible 
orientations and tilt angles is calculated from the weather data for different 
locations using equation (3.12). The results can be visualized as a polar 
contour, as shown in Figure 3-11 
 
 
Figure 3-11. Polar contour plots of annual tilted irradiation for different tilts and orientations. 
The radius indicates the tilt angle while the polar angle indicates the orientation. Top: Boise, 
Idaho (43.62° S, 116.21° W). A surface facing 178°S with tilt angle of 36° S receives the 
highest annual irradiation, shown as the „x‟ in the plot. Bottom: Belem, Brazil (1.38° S, 48.48° 
W). A surface facing 54° NE with tilt angle of around 7° receives the highest annual irradiation. 
 









Figure 3-11 shows two polar contour plots of the annual tilted irradiation 
for various orientations and tilt angles for Boise (USA) and Belem (Brazil). In 
Boise, a surface oriented around 178° SE with tilt angle of 36° yields the 
maximum annual tilted irradiation of 1,905 kWh/m2. In Belem, a surface 
oriented around 54° NE with tilt angle of 7° yields the maximum annual tilted 
irradiation of 1,865 kWh/m2. Similar to the study in Singapore, the optimal 
orientation at Belem is facing more east than north. This indicates that the 
conventional wisdom of orienting the module towards the equator is not 
necessarily true for all cases. 
 
For further investigation, the optimal orientations are plotted for different 




Figure 3-12. Optimal orientations as a function of latitudes for fixed-tilt PV installations 
at > 1600 sites where suitable weather data are available. For locations in the northern hemi-
sphere, please refer to the right-hand side of the plot.   
 
From Figure 3-12, the optimal orientations for different locations are 
mostly facing the equator (facing north for the southern hemisphere, facing 
south for the northern hemisphere). Note that, for most locations, there is 
some slight deviation from facing the equator directly. This suggests that the 
solar radiation at a given site is not symmetric. For locations with a tendency 
to orient towards the west, it might be because of the summer morning fog 
that evaporates in the late morning, leading to more afternoon irradiation. For 
locations with a tendency to orient towards the east, it might be because of 


































the afternoon convective clouds, leading to more morning irradiation [11]. The 
cluttering of data at mid-latitudes in the northern hemisphere is due to the 
availability of data from the large number of weather stations in the United 
States and Europe. For locations around the equator and in the southern 
hemisphere, there are less available data. 
 
Compared to locations at higher latitudes, the general rule of tilting 
modules towards the equator becomes less apparent for locations at lower 
latitudes. At lower latitudes, for example in the tropics, the optimal 
orientations are seen to be facing in all directions. This is because, at lower 
latitudes, the optimal tilt angles are low. This causes the optimal orientations 
to be easily influenced by local climatic conditions. This can be seen in the 
example of Belem, Brazil (1.38° S, 48.48° W) in Figure 3-11. In Belem, a 
surface oriented around 54° NE with tilt angle of 7° yields a maximum annual 
tilted irradiation of 1,865 kWh/m2. For the conventional method of orienting 
the module towards the equator, the tilt angle of 5° yields a maximum annual 
tilted irradiation Gopt.eq.annual of 1,855 kWh/m
2. While the optimal orientation 
deviates substantially from facing the equator, the difference between the 
annual tilted irradiation found using the optimally-oriented and equator-
oriented approach is small (< 0.5%). Further analysis for the rest of the 
locations shows similar results. This indicates that the equator-oriented 
approach is sufficiently accurate in determining the optimal tilt angle.  
 
3.3.2.2 Equator-oriented optimal tilt  
In section 3.3.2.1, it was shown that the equator-oriented approach is 
sufficiently accurate in determining the optimal tilt angle. This enables further 
investigation to find the relationship between the equator-oriented optimal tilt 
angle (βopt.eq), location, and the local climatic parameters.  
 
The relationship between the equator-oriented optimal tilt angle and 
latitude is first investigated. Using the weather station and the clear sky 
assumption simulated data, the equator-oriented optimal tilt (βopt.eq) is plotted 
as a function of latitude, see Figure 3-13.  
 
It is observed in Figure 3-13 that the optimal tilt (βopt.eq) calculated using 
both the weather data and the Perez model does not follow the general rule of 
thumb of tilting at latitude. As the latitude increases, βopt.eq deviates further 
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from the conventional tilt (red dashed line). This phenomenon was also 
observed in a past study [10]. The optimal tilt angles simulated using the 
weather data exhibit a similar trend with the theoretical optimal tilt (blue curve) 
calculated by assuming a clear sky condition. 
 
 
Figure 3-13. Optimal tilt angle (βopt.eq) versus absolute latitude (|𝜙|) for equator-oriented 
modules. The red dashed line indicates the conventional way of tilting where the tilt angle is 
equal to the latitude. The blue curve is the theoretical tilt calculated considering only the effect 
of the attenuation of the extra-terrestrial irradiance due to the air mass effect. A quadratic 
relationship between theoretical optimal tilt and latitude can be approximated as βopt.eq =  
-0.0036 |𝜙|2 + 0.9944 |𝜙|. 
 
The conventional way of tilting a module at latitude would only be 
optimal if the length of the day is the same between the summer and winter; 
but this is not the case. As the latitude increases, the difference between the 
longest and shortest day in a year increases. At higher latitudes with a longer 
daytime during the summer, a module tilted more to face the summer sun will 
be more advantageous. The trend seen in the theoretical optimal tilt (blue 
curve) is due to the difference in the length of day between the summer and 
winter for different latitudes. 
 
Figure 3-13 also shows that for the optimal tilt angles simulated using 
the weather data and the Perez model, there are wide spread of optimal tilt 
angles for a given latitude. There are a couple of explanations for this 
observation. First, it is due to the error in the use of GHI and DHI in the 
modelling of the optimal tilt, as discussed in 3.3.1.1. Another possible reason 
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for the wide spread of optimal tilt angles is due to the local climatic variations 
in different locations.  
 
An alternative simulation considering only the attenuation of the extra-
terrestrial irradiance through the earth atmosphere was done (see section 
3.3.1.2). Using this approach, the optimal tilt angle for each latitude can be 
calculated and approximated as:  
 
               |𝜙|
        |𝜙| 
(3.19) 
 
where         is the optimal tilt angle calculated using the theoretical approach 
of considering only the attenuation of extra-terrestrial irradiance by the 
atmosphere.  
 
Even with a large uncertainty, it can be seen from Figure 3-13 that the 
optimal tilt angles calculated using the weather data exhibit a similar trend for 
the optimal tilt angle as calculated using the theoretical approach. For this 
simulation exercise, we calculated that a deviation of 10o from βopt.eq results in 
a less than 1% reduction of the annual tilted irradiation. Hence, the wide 
spread of the optimal tilt angle only has a small implication on the annual 
tilted irradiation.  
 
3.3.3 Summary 
Using the Perez et al. model, the optimal orientations and tilt angles of 
PV modules were determined for many locations around the world. It was 
confirmed that the conventional wisdom of orienting the module towards the 
equator is true, except for locations near the equator (|𝜙| < 20o) where the 
local climatic conditions have a larger influence on the optimal orientation. 
Moreover, tilting the module at latitude is not necessarily optimal. The optimal 
tilts calculated using the weather data exhibit a similar trend with those 
calculated by considering only the effect of the attenuation of the extra-
terrestrial irradiance by the atmosphere. The optimal tilt angle can be 
approximated by a quadratic function of absolute latitude (see equation 
(3.19)). For the simulated weather data results, there is a wide spread of 
optimal tilts for a given latitude. This is due to the large uncertainty in the 
weather data and the effects of local climatic conditions. 
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3.4 Effects on angular loss on optimal orientation and tilt 
angle 
 
In the earlier sections, the optimal orientations and tilt angles for 
maximising the in-plane irradiation for PV applications were studied. For the 
study, the angular loss effect was neglected. In chapter 4, the angular loss 
effect on a PV module will be studied. Following the methods outlined in this 
chapter and chapter 4, the effect of angular loss on the optimal orientation 
and tilt angle for Singapore is first studied.  
 
Figure 3-14 shows the polar contour plot of annual tilted irradiation 
(without consideration of angular loss) for different orientation and tilt angles 
in Singapore. Figure 3-15 and Figure 3-16 show the polar contour plots of 
annual tilted irradiation (with consideration of angular loss) for different tilts 
and orientations in Singapore. The important results are summarised in Table 
3-5.  
  
Table 3-5. Optimal orientation, tilt angles, and annual tilted irradiation for a PV module in 
Singapore. Column two shows the results without consideration of angular loss. Column three 
shows the results with angular loss consideration for a module with planar front glass. Column 













1523 1477 1502 
 
Optimal Orientation 88° NE 9° tilt 90° E 10° tilt 89° NE 9° tilt  
 
From Table 3-5, we see that, with and without the consideration of the 
angular loss, the optimal orientation and tilt angles remain roughly the same. 
This means that the effect of angular loss is not crucial in the in the 
determination of the optimal orientation and tilt angle for a particular region. 







Figure 3-14. Polar contour plot of annual tilted irradiation without consideration of angular loss 
for different tilts and orientations in Singapore. The radius indicates the tilt angle while the polar 
angle refers to the orientation. A surface facing 88° NE with tilt angle of around 9° receives the 
highest annual irradiation of 1,523 kWh/m
2
, shown as the „x‟ in the polar contour plot, based on 




Figure 3-15. Polar contour plot of annual tilted irradiation with angular loss consideration (for 
module with planar glass) for different tilts and orientations in Singapore. The radius indicates 
the tilt angle while the polar angle refers to the orientation. A surface facing 90° E with tilt angle 
of around 10° receives the highest annual irradiation of 1,477 kWh/m
2
, shown as the „x‟ in the 















Figure 3-16. Polar contour plot of annual tilted irradiation with angular loss consideration (for 
module with textured glass) for different tilts and orientations in Singapore. The radius indicates 
the tilt angle while the polar angle refers to the orientation. A surface facing 89° NE with tilt 
angle of around 9° receives the highest annual irradiation of 1,502 kWh/m
2
, shown as the „x‟ in 
the polar contour plot, based on empirical GHI and DHI data of one-year period of June 2012 to 
May 2013. 
 
Figure 3-14, Figure 3-15, and Figure 3-16 exhibit similar optimal 
orientations and tilt angles. It is interesting to see that with the consideration 
of angular loss, as shown in Figure 3-15 and Figure 3-16, the annual tilted 
irradiation reduces considerably for higher tilt angles. This is due to the fact 
that angular losses increase substantially at higher tilt angles. 
 
In section 3.3, the optimal orientation and tilt angle were also studied for 
locations around the world using weather station data from online databases. 
Taking into account the angular loss effect to determine the optimal 
orientation and tilt angles for locations around the world, it was again verified 
that angular loss has a negligible effect on the optimal orientations and tilt 
angles. For all the locations studied, the difference in the optimal tilt angle 




In this chapter, the optimal orientations and tilt angles for maximising 
the in-plane irradiation on a particular PV surface were studied. The study 
was first conducted for Singapore, to determine the best models for modelling 





the optimal orientation and tilt angle. The best model was determined by 
comparing the modelling results with SERIS‟ extensive data from its 
meteorological station. From the study, it was found that the Perez et al. 
model produced the most accurate results. It was also found that a PV 
system facing East will harness the highest annual amount of solar radiation. 
This was further validated by real-world PV systems installed in Singapore.  
 
Using the Perez et al. model, the optimal orientations and tilt angles of 
PV modules were then determined for locations around the world. From the 
study, it was found that the optimal tilt can be approximated as a quadratic 
function of absolute latitude (equation (3.19)). These findings provide useful 
information for PV system integrators on how to best install PV systems for 
maximising energy yield. 
 
Finally, the effect of angular loss on the optimal orientation and tilt angle 
of PV modules was studied. It was found that the angular loss effect is not 
important in the determination of the optimal orientation and tilt angle.  
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A PV module is rated under standard testing conditions (STC) with 
module temperature of 25 C, normally incident light, standard spectrum 
AM1.5G, and a solar irradiance intensity of 1000 W/m2. In the real world, 
incoming light arrives on a fixed orientation of the PV module at all angles 
because of the movement of the Sun and the diffuse components of the 
radiation. This, combined with the fact that the reflectance changes as the 
angle of incidence changes, introduces angular losses. The angular losses of 
PV modules working in field conditions have been reported in several 
publications [1–4]. The results showed that angular losses can cause a 
substantial annual performance loss. Understanding of this angular loss is 
crucial for the optimisation of solar cells and modules for real-world 
conditions.  
 
While the angular losses under outdoor conditions of different module 
technologies have been studied, only modules with planar front glass were 
studied. Walsh et al. showed that PV modules with a textured front glass have 
low reflectance at high angles of incidence [5]. It is hypothesised that the 
optical characteristics of textured modules will result in better outdoor optical 
performance compared to a planar module. This is especially true for tropical 
regions such as Singapore where the irradiance‟s diffuse content is high. 
Hence, this chapter aims to quantify and compare the real-world angular loss 
between PV modules with planar and textured front glass panes in Singapore. 
For this study, the textured glass chosen for the module is Albarino G from 
Saint-Gobain [5, 6]. Three transposition models (Liu-Jordan, Hay-Davies, and 
Perez et al.) are used to model the outdoor angular losses in Singapore. Two 
60-cell crystalline silicon PV modules with planar and textured glass are 
fabricated and measured outdoors for validation of the modelling results. 
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4.2 Angular loss factor calculations 
 
4.2.1 Angular loss 
Angular reflectance (R) of PV modules with planar and textured glass is 
first measured using a goniophotometre. The goniophotometre, shown in 
Figure 4-1, at the Solar Energy Research Institute of Singapore (SERIS) is a 
specialized instrument for the angularly resolved measurement of optical 
scatter in the reflection and transmission hemispheres and follows the 
standard practice of goniometry as defined in ASTM 2387-05 [7].  
 
 
Figure 4-1. Goniophotometre at SERIS showing transmitted light through a small sample. The 
sample holder is shown in the centre where light can be seen reflecting from the sample. The 
light source is located behind the curtain to minimize stray light.  
 
Reflectances are measured for both PV modules with planar and 
textured glass, for eight angles of incidence: 10°, 20°, 30°, 40°, 50°, 60°, 70° 
and 80°. Photographs of the modules used for the measurement are shown in 
Figure 4-2. 
 
 From Figure 4-2, it is observed that the cells‟ front metal fingers of the 
module with textured glass are no longer visible. This is due to the scattering 
introduced by the textured glass pane.  
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Figure 4-2. Photos of the front surface of the modules with planar and textured glass. The 
photos show an approximately 5 cm wide section of the modules. Left: Photo of the module 
with planar glass. The busbar and the fingers are visible from this photo. Right: Photo of the 
module with textured glass. The glass used is the Albarino G from Saint-Gobain. Due to the 
scattering introduced by the textured glass, the front metal fingers are no longer visible.    
 
From the reflectance measurements, angular loss is calculated using 
the following formula: 
 
        
        
        
   
               
               
   
      
      
 
   
(4.1) 
where Acell is the fraction of photons absorbed by the cell, R the reflectance, 
and Apara the parasitic absorptance in the glass and ethylene vinyl acetate 
(EVA).  
 
For normally incident light, it was shown in Chapter 2 that the solar 
spectrum weighted average loss due to Apara can vary from 2% to 5.5%, 
depending on the type of encapsulant and glass structure used for the 
construction of the modules [8, 9]. For this modelling exercise, Apara is 
neglected; the angular loss is reduced to a function of reflectance, shown in 
Equation (4.1). The assumption is valid because Apara is small and relatively 
constant for all angles of incidence. The angular loss of a PV module with 
planar and textured glass, respectively, is shown in Figure 4-3. As can be 
seen, the PV module with textured glass has a much lower angular loss at 
higher angles of incidence. Martin and Ruiz [2] proposed a model to fit this 
angular loss. Their model provides good fits and no discontinuities for all 
angles of incidence for the PV module with planar glass, in contrast to the 
ASHRAE incidence modifier [10, 11]. However, their model is unable to 
provide a good fit for the angular loss of the textured module.  
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A new double-exponential model is proposed to fit the angular loss for 
both PV modules with planar and textured glass: 
 
                
  (4.2) 
where θ is the incident angle in radians and a, b, c and d are fit parameters. 
The nonlinear least squares fitting method was used to fit the model to the 
measured data points. 
 
 
Figure 4-3. Angular loss (AL) for PV modules with planar and textured glass. The symbols 
indicate the measured values. By definition, AL is 0 at 0° and 1 at 90°. The angular reflectance 
loss is fitted using a double-exponential model (red line for the planar module, black line for the 
textured module). The model provides a very good fit for both the planar and textured modules 
with a coefficient of determination of 1.  
 
From Figure 4-3, it can be seen that the double-exponential model 
provides a good fit for both module types (planar and textured glass). Hence, 
in the following this model is used for the calculation of the angular losses 
under outdoor conditions.  
 
4.2.2 Angular loss factor 
It can be seen from Figure 4-3 that the module with textured glass has a 
lower angular loss at high incident angles compared to the module with the 
planar glass cover. The rest of this chapter deals with determining how much 
effect this difference has on outdoor module performance.   
 


































Under outdoor conditions, there are different components of the sky that 
affect the real-world angular loss. The angular loss in Figure 4-3 has to be 
translated into the average angular loss for different components of the sky 
(these components will be discussed in detail in section 4.3). This average 
loss was first introduced by Martin and Ruiz, and it was termed the „angular 
loss factor‟ [2]. This angular loss factor is named in a way to account for the 
angular loss due to various radiation components of the sky. For various 
irradiance components, Martin and Ruiz defined angular loss factors for the 
direct component (Fb), the isotropic diffuse component (Fd), and the ground-
reflected component (Fa).  
 
For this study, since the Perez transposition model (which takes into 
account the horizon brightening) is used, an additional angular loss factor due 
to the horizon brightening (Fh) is defined. 
 
The angular loss factor due to the direct component (Fb) is equal to the 
angular loss in Equation (4.2). It is obtained by fitting the double-exponential 
model to the measured values in Figure 4-3. For the module with planar 
glass, the angular loss is given by 
 
              
                             (4.3) 
 
For the module with the textured front glass, Fb is given by 
 
               
                           (4.4) 
 
For the isotropic diffuse, ground-reflection and horizon components, the 
distribution of the incident angles affects the angular loss factor. Since the 
distribution of the incident angles is affected by the tilt angle of the PV 
module, we have to calculate the average angular loss factor for every tilt 
angle. For each tilt, we calculate the angular loss factor using the following 
equation [1, 2, 4]:  
 
     
∫            




where Ω is the solid angle to be integrated over the area A of interest. The 
area A, over which the integration is performed, depends on the tilt angle β 
and the sky component being considered. For Fd, the integration is performed 
over the tilted PV module viewing area of the sky; for Fa, the integration is 
performed over the ground viewing area; for Fh, the integration is performed 
over the viewing area of the horizon band. 
 
 For the ground-reflected component, Fa is calculated as 
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 (4.6) 
 
By assuming the horizon band to be infinitesimally thin, like in the 
Perez model [12], Fh is calculated as 
 
      ∫      
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where θ = arcos(sin β sin  ). 
 
For the isotropic component, Fd is calculated as 
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 By numerically solving Equations (4.6) to (4.8), angular loss factors Fd, 
Fa, and Fh as a function of the tilt angle of the PV modules with planar and 
textured glass are obtained and approximated using Equations (4.9) to (4.14). 
For the planar module, the equations are: 
 
           
                   (4.9) 
 
          
                       (4.10) 
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                         (4.11) 
 
For the textured module: 
 
            
                   (4.12) 
 
          
                       (4.13) 
 
          
                       (4.14) 
 
The Fd and Fa values obtained in this study for the planar module are in 
close agreement with those calculated by Martin and Ruiz [1, 2].  
 
Figure 4-4 represents angular loss factors for modules with planar and 
textured glass. As can be seen, the angular loss factors for the module with 
textured glass are consistently lower than the module with planar glass. This 
is because the textured module has a lower angular loss at higher incident 
angles (see Figure 4-3). 
 
 
Figure 4-4. Angular loss factors of the diffuse (Fd), albedo (Fa), and horizon (Fh) radiation 
components for planar (left) and textured (right) modules.  
 
4.3 Computational methodology 
 
In order to calculate the annual angular loss in Singapore, the PV 
module is assumed to be tilted at 10º facing south. This azimuth is different 
from the optimal east-facing orientation modelled in chapter 3. Nevertheless, 
this assumption is made as this is how PV modules are usually installed in 
Singapore.  
































































Next, the global horizontal irradiance (GHI) and diffuse horizontal 
irradiance (DHI) data (1 minute logging interval) for one full year (2011) were 
measured. To calculate the angular loss, first, we need to use a transposition 
model to convert the horizontal irradiance into tilted plane irradiance. In 
chapter 3, it was shown that the Perez et al. model is the most accurate 
model. Nevertheless, it is interesting to see how the angular loss is affected 
by the use of transposition models. For this study, three transposition models 
are used to convert the measured GHI and DHI into tilted irradiance. The 
models are: Liu and Jordan‟s isotropic diffuse sky model [13], Hay and 
Davies‟ model [14], and Perez et al. model [15]. The Liu-Jordan model is one 
of the earliest and simplest models. Because of its simplicity, it is most widely 
used in estimating the tilted irradiance. The Hay-Davies model and the Perez 
et al. model offer better accuracy, but with increased calculation complexity. 
 
4.3.1 Liu-Jordan model 
It is one of the earliest and simplest irradiance models [13]. It assumes 
an isotropic diffuse sky model and can be computed in the following way:  
 
            (
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where IT.NL is the tilted irradiance with no loss, Ib the beam irradiance on a 
horizontal surface, Rb the ratio of beam radiation on the tilted surface to that 
on a horizontal surface at any time, Id the diffuse horizontal irradiance, β the 
tilt angle, I the global horizontal irradiance, and ρg the ground reflectance. An 
in-depth discussion of this model is given in section 3.2.2.1. 
 
Modifying Equation (4.15) to take the angular loss into account, we 
obtain 
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where IT.AL is the tilted irradiance taking into account the angular loss, while 




4.3.2 Hay-Davies model 
Hay and Davies developed a model that divides the diffuse component 
of the sky into two parts (isotropic and the circumsolar). The total radiation on 
a tilted surface is [14] 
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where Ai is the anisotropy index. Taking into account the angular loss, we 
obtain 
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(4.18) 
 
4.3.3 Perez et al. model 
The Perez et al. model [15] is based on a detailed statistical analysis of 
the sky‟s diffuse components. The model breaks the diffuse irradiance into 
three components of isotropic background, circumsolar and horizon zone. 
The total tilted diffuse irradiance is defined as 
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where Id,tilt is the total tilted diffuse irradiance, Id the diffuse horizontal 
irradiance, F1 the circumsolar brightness coefficient, and F2 the horizon 
brightness coefficient. F1 and F2 are related to sky irradiance conditions which 
are described using the three variables: sun position (zenith angle θz), sky 
clearness index ε, and brightness index ∆ [15].  
 
To find the total tilted irradiance, the beam irradiance and the ground 
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This model is discussed in detail in section 3.2.2.3.  
 
Introducing the angular loss, we obtain  
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(4.21) 
 
where Fh is the angular loss factor due to the horizon. 
 
4.3.4 Real-world angular loss 
In the previous section, we established different models to calculate the 
irradiance on the tilted surface. The real-world angular loss can now be 
calculated. It is the relative difference between the irradiance without 
consideration of the angular loss (IT.NL) and the irradiance with the 
consideration of the angular loss (IT.AL): 
 
              
∑      
∑      
 (4.22) 
 
where ALoutdoor,t is the real-world angular loss and t is the summation over the 
period of interest. For example, to calculate annual angular loss over the 
1-year period (abbreviated as AAL), t is 365 days.  
 
4.4 Results and discussions 
 
4.4.1 Outdoor measurement results  
Two 60-cell PV modules with planar and textured front glass were 
fabricated and mounted on the roof of the Solar Energy Research Institute of 
Singapore (SERIS). Except for the front cover, both modules were 
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constructed using similar cells and materials. The modules were mounted 
facing south with a tilt angle of 10º.  The short-circuit currents of the two 
modules were measured for a period of 6 months. Throughout the period, no 
cleaning was done on the modules because of the difficulty in accessing the 
roof. This might give rise to the soiling effect. However, since Singapore has 
tropical conditions with large amounts of rainfall, the soiling effect over the 6-
month period is negligibly small. The outdoor measurements serve to validate 
the modelled results. The short-circuit current is used to indicate the amount 
of sunlight absorbed by the two modules; it is achieved by assuming a linear 
relationship between the short-circuit current and the absorbed irradiance. For 
this study, the measured short-circuit current is normalized in the following 
way 
 
        
   
       
 
    
      
 (4.23) 
 
where Isc.norm is a dimensionless normalized short-circuit current, Isc the 
measured short-circuit current, Isc.STC the short-circuit current at standard test 
conditions, GSTC is the irradiance at standard test condition of 1000 W/m
2, and 
Gplane the irradiance in the module plane (measured using a calibrated silicon 
sensor).  
 
By comparing the relative difference between Isc.norm of the PV modules 
with planar and textured glass, the optical gain for the PV module with 
textured glass is calculated for the period studied; the optical gain is 
calculated to be 1.4%.  
 
 Further analysis is carried out by comparing the Isc.norm between PV 
modules with planar and textured glass for a typical day, as shown in Figure 
4-5. A typical day is obtained by averaging the 6-month measurement results 
into a single day. It is observed from Figure 4-5 that Isc.norm increases sharply 
in the early morning and late afternoon. This is due to many factors, such as 
the nonlinearity at low irradiance intensity and spectral effects. Hence, it is not 
possible to obtain the angular loss directly from the individual Isc.norm curve.  
 
From Figure 4-5 it can be seen that the PV module with textured glass 
has consistently higher Isc.norm throughout a typical day than the planar PV 
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module. In the early morning and late afternoon, the differences between the 
planar and textured module are largest.  This is because the textured module 
has a much lower angular loss in the early morning and late afternoon, as can 
be seen in Figure 4-6. In addition, for both PV module types, Isc.norm increases 
slightly as the day progresses. This is caused by the increase in the module 
temperature as the day progresses. Nevertheless, to obtain the relative gain, 
this is not a problem since both modules have the same temperature 




Figure 4-5. Normalized short-circuit current comparison between PV modules with planar and 
textured glass for a typical day in Singapore. A typical day is obtained by averaging the 6-
month results into a single day.  
 
4.4.2 Modelled Results 
Assuming a south-facing PV module with tilt angle of 10º under 
Singapore outdoor conditions, the annual angular loss (AAL) is calculated for 
both module types (planar and textured), using Equation (4.22). The modelled 
results are shown in Table 4-1. 
 
As can be seen in Table 4-1, there is a small difference between the 
AAL values calculated using the three different transposition models. This 
indicates that the AAL is insensitive to the used transposition model. The AAL 
calculated for this study is in good agreement with the AAL of 3.9% calculated 
by Martin and Ruiz for a planar module in Singapore [3]. The discrepancy with 
















the past result is due to the use of the different set of irradiance data. The PV 
module with textured front glass has a much lower AAL than the planar PV 
module.  
 
Table 4-1. Calculated annual angular loss (AAL) for the planar and textured PV module, using 
three different models (Liu-Jordan, Hay-Davies, Perez et alia). The modelled results are 
compared to the outdoor measurement results. The optical gain is the extra light absorbed by 
the textured module relative to the planar module.  
 
Liu-Jordan Hay-Davies Perez et al. 
Outdoor 
measurement 
Planar AAL (%) 3.8 3.5 3.3 - 
Textured AAL (%) 1.6 1.5 1.5 - 
Optical Gain (%) 2.3 2.1 1.9 1.4 
 
For the outdoor measurements, it is not possible to calculate the AAL 
for PV modules with planar and textured glass. However, the optical gain of 
the textured PV module compared to the planar PV module can be 
calculated. Compared to the planar module, the measured optical gain of the 
textured PV module is calculated to be 1.4%. The Perez et al. model (1.9%) 
comes closest to the measured value. This is not surprising as chapter 3 
showed that the Perez et al. model is the most accurate transposition model. 
The Perez et al. model is the most accurate because this model consists of 
coefficients that are obtained empirically and statistically based on different 
sky conditions.  
 
The measured optical gain is lower than the modelled values. The 
deviation might be due to the modelling error caused by neglecting the 
parasitic absorptance in the calculation of the angular loss in Equation (4.1). 
Khoo et al. showed that a textured module has a higher parasitic absorptance 
than a planar module [8], which in turn causes a slight overestimation of the 
modelled optical gain. 
 
Further analysis was carried out to find the typical meteorological day 
(TMD) and the monthly average angular losses, as shown in Figure 4-6 and 
Figure 4-7. For the remainder of the analysis, the Perez et al. transposition 
model was used due to its proven accuracy [11], [16–20].  
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Figure 4-6 shows that the angular loss is higher in the early morning 
and late afternoon, due to the irradiance being incident on the module at a 
higher angle. The angular losses are the lowest at solar noon (approximately 
1:00 pm for Singapore). The asymmetry of the angular loss between morning 
and afternoon is because Singapore is, on average, sunnier in the morning 
and cloudier in the afternoon. For a sunny day, the angular loss is mainly 
caused by the direct component of the sky. For a cloudy day, the angular loss 
is mainly caused by the diffuse component of the sky. For the early morning 
and late afternoon, a sunny sky (where the angular loss is dominated by the 
direct component) will cause a higher angular loss than a cloudy sky. At solar 
noon when    , the angular loss difference between the planar and 
textured modules is caused by the diffuse irradiance.  
 
 
Figure 4-6. Modelled angular losses for PV modules with textured and planar glass for a typical 
meteorological day (TMD) in Singapore. TMD is obtained by averaging the calculated yearly 
results into a single day.  
 
From Figure 4-7 it follows that, on a monthly basis, there is little 
variation in terms of angular losses. This is because Singapore is situated 
very close to the equator (1o north) and thus has little seasonal variations. 
 
While the angular loss is high in the early morning and late afternoon, 
the contribution to the total annual angular loss is small. This is because in 
the early morning and late afternoon, the irradiance is low. Another way to 

























study the angular loss is to calculate the weighted angular loss by multiplying 
the angular loss with the module-plane irradiance. Figure 4-8 shows the 
weighted angular loss for PV modules with planar and textured glass.  
 
 
Figure 4-7. Modelled monthly angular losses for PV modules with textured and planar glass in 
Singapore.  
 
It can be seen from Figure 4-8 that the weighted angular loss remains 
relatively constant throughout the day. The weighted angular loss is small in 
the early morning and late afternoon because of the low irradiance.  
 
Figure 4-8. Weighted angular loss for PV modules with planar (solid line) and textured (dashed 
line) glass for a TMD in Singapore. The dotted line shows the module-plane irradiance for a 
TMD in Singapore. 



























































































Next, the annual angular loss as a function of tilt angle (for a south-
oriented module) is studied (as shown in Figure 4-9). Figure 4-9 is obtained 
by modelling the annual angular loss at different tilt angles, following the 
methods outlined in section 4.3. 
 
 
Figure 4-9. Annual angular loss (AAL) as a function of tilt angle (south-facing module) for PV 
modules with planar and textured glass.  
 
From Figure 4-9 we see that, as the tilt angle increases, AAL increases. 
There is a transition point around a tilt angle of 67°, where the rate of AAL 
increase changes. One explanation for this is that as the tilt angle increases 
beyond 67°, the module is no longer seeing the sun for some parts of the 
year. For the days when the module is not seeing the sun, the diffuse 
components of the sky become the dominant factor in determining the 
angular loss.  
 
Compared to the planar module, the textured module has a much lower 
AAL at high tilt angles. This suggests that the PV module with textured glass 
will give much better optical performance for building-integrated PV 
applications (where high tilt angles are required); this effect potentially offers 
up to 6% improvement in energy generation compared to the PV module with 
planar glass.  
 


































At higher latitude, the angular loss for the textured module is also 
possibly lower compared to the planar glass. This will be an interesting topic 




A new double-exponential model (Equation (4.2)) was presented for the 
calculation of the angular reflection loss for PV modules with planar and 
textured front glass. Using the methodology discussed, angular losses for 
planar and textured PV modules under Singapore outdoor conditions were 
modelled. Specifically, annual angular loss, monthly angular loss, and typical 
meteorological day angular loss were studied. Among the three transposition 
models studied, the model from Perez et al.  provides the closest match with 
the outdoor measurement results.  
 
It was found that the angular loss is highest in the early morning and the 
late afternoon, due to the irradiance being incident on the module at a higher 
angle. The lowest angular loss is obtained at solar noon (1 pm for Singapore). 
The observed asymmetry of the angular loss between morning and afternoon 
is because Singapore is, on average, sunnier in the morning than in the 
afternoon, which causes differences in the dominant mechanisms determining 
the angular loss. On a monthly basis, there is little variation in the angular 
losses in Singapore, due to the absence of seasonal variations.  
 
It was also observed from Figure 4-9 that, as the module tilt angle 
increases, AAL increases. At a tilt angle of around 67o, the rate of increase in 
AAL changes. This is possibly due to the change in the dominant mechanism 
that determines the annual angular loss. At tilt angles of > 67o, the PV module 
is no longer seeing the direct irradiance for some parts of the year; this results 
in the diffuse components of the irradiance to dominate the angular loss.   
 
In all the cases studied, the PV module with the textured front glass 
shows consistently lower real-world angular losses than the planar PV 
module. The understanding of the real-world angular loss is important for 
optimising solar cells and modules for real-world conditions, as will be 
discussed in Chapter 5.  
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CHAPTER 5 -  OPTIMISING THE FRONT ELECTRODE 
OF SILICON WAFER BASED SOLAR 
CELLS AND MODULES 
5.1 Introduction 
 
One of the most important design considerations that affect the 
efficiency of silicon wafer based solar cell is the front electrode optimisation. 
The front electrode design of a silicon wafer solar cell is a compromise 
between shading losses and resistive losses. These losses have been 
extensively studied in the past [1–9]. Most commercial silicon wafer solar cells 
manufactured today have their grids optimised to give the maximum cell 
efficiency at standard test conditions (STC). However, in the real world, PV 
modules rarely operate under these conditions. After encapsulation, the metal 
shading losses reduce due to total internal reflection of the light reflected from 
the metal at the glass/air interface [10–13]. Also, at the module level, 
additional optical parasitic absorptance is introduced, especially at short 
wavelengths, which has been quantified in chapter 2 and elsewhere [14–16]. 
At normal outdoor operating conditions, a PV module is usually working at 
much higher temperatures and lower light intensities than at STC. The cost of 
the cell is also a function of front metal grid design. In a recent study, Green 
concluded that cell design changes are required over the coming decade to 
reduce the consumption of silver [17].  
 
In this chapter, taking into account various real-world loss mechanisms 
studied in the earlier chapters, the front electrode of silicon wafer based solar 
cells and modules will be optimised for real-world conditions. Specifically, this 
chapter presents an optimisation of the front metal grid for silicon wafer solar 
cell efficiency at STC, module efficiency at STC, and module annual energy 
output for real-world conditions, simultaneously taking into account the cost of 
the front metal grid. This will enable various stakeholders along the PV 
industry supply chain to have a clearer picture of the metal grid design that is 
advantageous to them. The levelised cost of electricity (LCOE) for modules 
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with different metal grid designs is also compared. This allows optimisation of 
the front metal grid to be done to give the lowest LCOE. 
 
5.2 Effective Finger Shading Width 
 
Conventional optimisation of the front metal grid is usually done by 
assuming that the fingers‟ coverage fraction is the shading fraction. This 
assumption is reasonable for an unencapsulated cell. However, for a cell 
which is encapsulated (for example with EVA behind glass), some portion of 
the light which is reflected from the fingers will be totally internally reflected at 
the front glass surface (i.e., the glass/air interface) and might subsequently 
impinge on the active area of the solar cell and be absorbed in the cell, 
generating photocurrent, as shown in Figure 5-1 [10–13]. It is important to 




Figure 5-1. Light reflected by screen-printed metal finger on an encapsulated silicon wafer solar 
cell. Part of the light is totally internally reflected at the glass/air interface. 
 
5.2.1 Method 
Since extra light is reaching the active area of the solar cell, the fingers 
can be thought as being optically narrower than their true geometric width.  A 
method has been devised to quantify this finger narrowing effect. It involves 
measuring the short-circuit current of a single-cell PV module (under 1-Sun 
illumination) with and without a mask which covers only the fingers, as shown 








By measuring the short-circuit current of the single-cell module shown in 
Figure 5-2(b), we can calculate the active-area short-circuit current density of 
the module Jsc.aa via  
 
      
     
        
 (5.1) 
 
where Isc.aa is the short-circuit current of the module (Figure 5-2(b)) with only 
the active area exposed and AAmasked is the active area of the masked cell. 
 
Next, by measuring the short-circuit current of the same module with a 
mask that covers only the busbars as shown in Figure 5-2(a) and knowing the 
active-area short-circuit current density of the module calculated earlier, we 
can calculate the active area of the module AA*mod:  
 
     
  
   
     
 (5.2) 
 
where Isc is the short-circuit current of the module (Figure 5-2 (a)) with the 
fingers exposed.  
 
Having calculated AA*mod, we can calculate the area of the fingers 
A*fingers using:  
 
     
                           
  (5.3) 
 
Using the approach outlined above, we can calculate the area of the 
fingers. Alternatively, we can measure the area of the fingers (Afingers.geometric) 
by optically measuring the geometry of the fingers on the cell.  
 
By comparing the measured and calculated fingers area, we can obtain 
the finger narrowing factor or effective finger width. 
 
   
        
 




(a)   
 (b)  
Figure 5-2. Single-cell PV module. (a) With a mask covering only the busbars; (b) With a mask 
covering the busbars and all fingers. 
 
5.2.2 Results and Discussions 
Using the method, the short-circuit current for three single-cell PV 
modules were measured. The modules have average finger width of 100 μm. 
The effective finger widths for these three modules were determined to be 47, 
49 and 53 % of their geometric widths, as summarised in Table 5-1. These 
values are in good agreement with an earlier study giving an effective width of 
47 % [13].  
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Table 5-1. Effective finger width for encapsulated cells. 
Module 
Effective finger  
width (%) 
 
1 47 ± 3  
2 49 ± 3  
3 53 ± 3  
Average 50 ± 3  
 
To ensure accurate results, a couple of steps were taken for this 
experiment. During the short-circuit current measurements, the visible 
backsheet area of the single-cell modules was shaded (i.e., apertured) to 
prevent optical effects („static concentrator‟) that will give artificially higher 
short-circuit currents. The modules were also measured under the same 
controlled temperature of 25°C because a change in temperature would have 
a (small) effect on the measured short-circuit current. Finally, the 
transmittance of the masks used for masking the busbars and fingers was 
also measured to ensure that they are truly opaque. 
 
5.2.3 Summary 
This section outlined a method to calculate the effective finger width for 
an encapsulated screen-printed silicon wafer solar cell. The effective finger 
width was found to be only about 50 % of its geometric width at standard test 
conditions (i.e., normal incidence of light). The result is in good agreement 
with an earlier study that reported a value of 47 % [13]. Besides offering a 
new and simple way to determine the effective finger width, the new method 
is advantageous in that it measures the effective width directly via short-circuit 
current measurements. This method can ultimately be extended to obtain the 
effective finger width for various incident angles of the light. With these 
findings, optimisation of the front metal grid can be performed for an 
encapsulated solar cell for real-world operating conditions. 
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5.3 Optimising the front electrode for silicon wafer cell 
efficiency at STC  
 
The front metal grid of a solar cell introduces shading losses and 
resistive losses. Optimisation of the front metal grid is generally done by 
minimizing the sum of the resistive losses and shading losses according to 
the principles described in Refs. [1]–[4], [7]. Cells with different numbers of 
fingers have different shading fractions. The total shading fraction is 
contributed by busbar shading and finger shading [2]–[4]: 
 
               (5.5) 
 
where ps is the shading fraction of the entire front metal electrode, ps,bus is the 
shading fraction of the busbars, and ps,f is the shading fraction of the fingers. 
 
The shading by the front metal electrode causes a reduction in short-
circuit current. For different numbers of fingers, the short-circuit current 
density changes as 
 
                (5.6) 
 
where Jsc.AA is the short-circuit current density of the cell‟s active area (i.e. the 
areas without metal shading). 
 
For commercial screen-printed silicon wafer solar cells, resistive losses 
due to the front metal electrode are contributed by busbar resistance, finger 
resistance, emitter resistance and contact resistance. The total series 
resistance of a Si wafer solar cell can be written as [3]–[5] 
 
                                                                   
             
(5.7) 
 
where Remitter, Rfront_contact, Rfinger, and Rbusbar vary with the front electrode 
design, and Rbase, Rrear_contact, and Rrear_metal do not. The unvarying series 
resistance components we call Rs.fixed.  
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Different numbers of fingers will give different shading fractions and 
hence different Jsc, and also different Rs.cell.  
 
Knowing Jsc and Rs as function of the number of fingers, we use a one-
diode model to generate the theoretical I-V curve at STC for each cell for 
each number of fingers:  
 
       ( 
        
     )  
     
   
 (5.8) 
 
From the I-V curve, we then obtain the cell efficiency for different 
numbers of fingers. The cell efficiency at STC as a function of the number of 
fingers is shown in Figure 5-3. It can be seen that there is a broad maximum 
in cell efficiency at around 75 fingers.  
 
The cell parameters used for modelling are shown in Table 5-2. 
Standard solar cell parameters are chosen for this study, because of the 
availability of the cost breakdowns for standard cells and modules [18, 19]. 
These parameters will likely require some adjustments for future solar cells 
with higher sheet resistance and higher efficiency.  
 
In our calculations, we assume the photogenerated current density to 
be the same as the short-circuit current density (i.e.       Jsc = JL). We also 
assume that J0 does not change with the number of fingers. This assumption 
is not strictly true – more fingers will result in a higher recombination current 
at the emitter/metal interface. However, this effect will merely shift the 
optimum number of fingers to a slightly lower value than predicted by our 
analysis. Also, by using the one-diode model, the recombination current due 
to the depletion region (J02) is ignored (a reasonable assumption for a good 
silicon wafer based solar cell). This effect lowers the efficiency of all cells, 
regardless of the number of fingers. Therefore, neglecting J02 does not affect 
the optimal number of fingers determined by our analysis.  
 
As the number of metal grid fingers increases, the cost of the cell 
increases due to higher silver paste usage. Ideally, optimisation of the metal 




Table 5-2. Parameters used for front electrode optimisation 
Parameter Value Parameter Value  
Cell shape square Finger resistivity 3.2×10
-6
 Ωcm  
Cell length 15.6 cm Busbar resistivity 3.2×10
-6
 Ωcm  
Cell width 15.6 cm Finger height 17 µm  
Jsc.AA 37.88 mA/cm
2
 Busbar height 17 µm  
















Ideality factor, n 1.0 




















Busbar width 1.5 mm   
 
 
Using a bottom-up cost model that considers the raw material, operating 
and capital costs associated with wafer, cell, and module manufacturing, 
Powell et al. estimated the cost of multicrystalline silicon wafer solar cells for 
large-scale (> 350 MW/annum) vertically-integrated manufacturers located in 
the United States to be US$0.895/Wp (US$3.55/cell) [18, 19].  
 
Excluding the front metal contact‟s cost, we find the base cell cost 
before the printing of the front metal contacts to be $3.35/cell (total cell cost 
minus the front silver paste cost of $0.19/cell).  
 
As the number of fingers increases, the cost of the cell increases 
linearly: 
 
                               (5.9) 
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where Cbase.cell is the base cell cost without a front metal contact, mpaste is the 
mass of the paste used (increases with increase in number of fingers). mpaste 
can be calculated by knowing the density of the silver paste (80% of pure 
silver density [17]) and the printed silver paste volume on the cell. Cpaste is the 
cost of the paste. For this analysis, the cost of the silver paste is assumed to 
be the $1286/kg as used by Powell et alia.   
 
By dividing the cell cost by cell power, we can calculate the cost of the 
cell per watt peak as shown by the dashed curve in Figure 5-3. Compared to 
the conventional optimisation of the cell efficiency, this provides us another 
avenue to optimise the front metal grid by taking into account the total cell 
cost.  
 
   
Figure 5-3. Modelled solar cell efficiency and cell cost per Watt peak at 1-sun standard test 
conditions as a function of the number of fingers on the front side of a 156 mm wide 
multicrystalline silicon wafer solar cell. 
 
As can be seen in Figure 5-3, for the given cell parameters, a front grid 
with 75 fingers will give the maximum STC cell efficiency. 75 fingers 
correspond to a cell cost of $0.88/Wp, comparable to Powell‟s modelled cell 
cost of $0.895/Wp. When the manufacturing and silver paste costs of the cell 
are taken into account according to Equation (5.9), 57 fingers will yield the 
lowest cell cost per watt, $0.87/Wp. This represents a 1% reduction in cell 
cost compared to optimisation for maximum efficiency.  
 























































Obviously, the cell cost per watt changes with the silver paste cost. 
Since silver paste is mostly silver (a commodity which is volatile in price), the 
price of silver paste is also fluctuating. We thus performed a sensitivity 
analysis to investigate the effect of silver paste cost on cell cost per watt. The 
results are shown in Figure 5-4. From the figure we see that as the silver 
paste cost increases, the optimal number of fingers (ONF) required to achieve 
minimum cell cost per watt decreases. Silver paste cost of $2000/kg is not 
impossible in the future. With the growth of the PV industry by roughly 10 
times per decade, Green cautions that silver supply is clearly an impending 
material resource issue [17]. 
 
In Powell‟s cost model, a fixed polysilicon feedstock price of $40/kg is 
assumed. Since the wafer is the largest component of cell cost, the silicon 
price will greatly affect the final cost of the solar cell. Different silver and 
silicon prices will thus give rise to different optimum numbers of fingers for 
lowest cell cost per watt. By varying the polysilicon cost from 10 to 100 $/kg 
and the silver paste cost from 600 to 2500 $/kg, the optimal number of fingers 
(ONF) for lowest cell cost per watt were calculated. The results are shown in 
Figure 5-5.  
 
 
Figure 5-4. Contour plot of silicon wafer cell cost per watt as a function of the number of fingers 
and silver paste cost, for a fixed polysilicon feedstock cost of $40/kg. 
 
From Figure 5-5 we see that as silver cost increases the optimal 
number of fingers (ONF) decreases, and as the silicon cost increases the 
ONF increases. Compared to silicon cost, ONF is more sensitive to silver cost 



































due to the fact that we are comparing the cost between different numbers of 
fingers (which is directly affected by the silver cost). As the silicon cost 
increases, the effect of silver paste cost on ONF decreases (smaller range). 
This is because the increase in silicon cost causes an increase in total cell 
cost, making the cost associated with an increase in the number of fingers 
less dominant.  
 
 
   
  
Figure 5-5. Top: Contour plot showing the optimal number of fingers for lowest cell cost per 
watt peak for different polysilicon and silver paste cost. Bottom: Contour plot showing lowest 
cell cost per watt peak ($/Wp) for different polysilicon and silver paste cost (using the optimum 
number of fingers for each pair of values for silver paste cost and silicon cost) 
 



































































5.4 Optimising the front electrode for module power at 
STC 
 
A similar analysis can be performed to calculate the number of fingers 
which gives rise to the maximum power and lowest cost per watt for PV 
modules measured at STC conditions. For modules, we need to introduce 
additional series resistance losses in the tabbing ribbons, tab extensions 
(ribbons that run between the two cells), bussing ribbons, and cables. At the 
module level, the total series resistance is then [3]: 
 
                                                       (5.10) 
 
In addition to the extra series resistance at the module level, the 
shading loss due to the metal fingers also changes. It was shown in section 
5.2 that the shading loss decreases due to encapsulation. The reduced 
shading loss after encapsulation is also shown in past studies [10]–[13]. 
Woehl et al. showed that for screen-printed Si wafer solar cells, the effective 
finger width after encapsulation is about 47% of the original finger width [13].  
 
Accounting for the optical narrowing effect of the fingers and busbars, 
the shading loss becomes 
 
                    (5.11) 
 
where Xbb is the busbar narrowing factor and Xf the finger narrowing factor. 
For this study, we neglect the busbar narrowing effect (i.e., we assume Xbb = 
1) and use a finger narrowing factor of 0.5. 
 
In a silicon wafer based PV module, the cells are typically encapsulated 
behind glass and EVA, which absorb some of the incident light. This 
introduces an additional optical parasitic absorptance loss [14, 15]. This 
optical loss can be converted into a short-circuit current loss, as described in 
chapter 2. 
 
Taking into account the module-specific losses, the short-circuit current 
density of the module becomes 
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                     (5.12) 
 
where OLmod is the optical loss due to encapsulation of the solar cells 
(discussed in chapter 2).  
 
Knowing the Jsc and Rs, we can use equation (5.8) again to solve for 
module I-V and efficiency, for different number of fingers. The module power 
as a function of number of fingers for 72-cell module is shown by the solid 
curve in Figure 5-6. For this module, 100 fingers per cell will give the 
maximum STC power.  
 
From cells to modules, Powell et al. estimated that an additional 
US$0.40/Wp is added to the cost, making the final module cost US$1.29/Wp 
[18]. Neglecting the front metal grid cost, the module cost without the front 
silver paste cost is estimated to be $354.31 for a 285.5 W module. Using 
equation (5.9), we can find the module cost for different numbers of fingers. 
From there, we calculate the cost of the module per watt peak as shown by 
the dashed curve in Figure 5-6. 
 
    
Figure 5-6. Modelled module power and module cost per watt under 1-Sun standard test 
conditions (STC) for a 72-cell module made with 156-mm multicrystalline silicon wafer solar 
cells as a function of the number of front grid fingers per cell. 
 
It can be seen in Figure 5-6 that the number of fingers required to 
maximize power output at STC has increased from 75 in the case of the cell 






















































to 100 for the module. This is due to the optical “finger narrowing” effect [10–
13]. As a finger becomes optically “narrower”, the shading loss becomes less; 
the number of fingers can thus be increased to reduce the resistive loss. 
However, taking into account the cost of the silver paste, the number of 
fingers which gives the lowest cost per watt of the module is 69, up from 57 
for the unencapsulated cells.  
 
Cost per watt sensitivity analysis on silver paste and polysilicon costs 
was also done for the PV module case, see Figure 5-7.  
 
   
 
Figure 5-7. Top: Contour plot showing optimal number of fingers for lowest module dollar per 
watt peak for different polysilicon and silver paste cost. Bottom: Contour plot showing lowest 
module cost per watt peak ($/Wp) for different polysilicon and silver paste cost (using the 
optimum number of fingers for each pair of values for silver paste cost and polysilicon cost). 
 








































































Compared to cell level, the cost associated with the front metal grid at 
module level becomes a smaller percentage of the total cost. One might think 
that, at module level, the ONF is less sensitive to the material costs. 
However, this is not the case. Compared to the bare cell, the ONF range for 
the module is larger, as can be seen from a comparison of Figure 5-5 and 
Figure 5-7. This is due to the fact that at module level, the finger narrowing 
effect causes the module to have a broader power curve (Figure 5-6), making 
it possible to have a wider ONF range for different material costs.  
 
5.5 Optimising the front electrode for real-world 
conditions 
 
In the real world, a module in a PV system operates under a range of 
illumination intensities and temperatures. Given that the optimal number of 
fingers (ONF) changes with the irradiance, this section will discuss a method 
to determine the optimal number of fingers for real-world conditions with 
varying irradiance and temperatures. 
 
For the following analysis, we assume that Jsc depends linearly on 
illumination intensity:  
 
                        (5.13) 
 
where Jsc,i is the short-circuit current density at a particular light intensity, 
Jsc.1sun is the short-circuit current density at 1 sun, Gi is the irradiance at that 
particular intensity level, and G0 is the STC irradiance.  
 
We can then plug the Jsc,i into equation (5.8) to obtain the I-V curve and 
efficiency for different combinations of irradiance and number of fingers. The 
optimal number of fingers and the maximum module efficiency as a function 
of the irradiance is shown in Figure 5-8.  
 
At lower intensities, the cells produce less current; this results in the 
resistive loss becoming less dominant compared to the shading loss, hence 
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Figure 5-8. Modelled module maximum efficiency and optimal number of fingers as a function 
of the irradiance. 
 
For a given system location, the solar energy received by the module is 
distributed across a range of intensities. As an example, the irradiance 
distribution for Singapore is shown in Figure 5-9. 
 
Given that the optimum number of fingers depends on the irradiance 
intensity, we can optimize the front electrode of the solar cells for a given 
system location, using available onsite irradiance data. Typical yearly weather 
data for various locations can be obtained from online databases [21–23]. 
The weather database usually provides hourly data such as global horizontal 
irradiance, horizontal diffuse irradiance, ambient temperature, etc. For this 
study, weather data from EnergyPlus were used [22]. 
 


























































Figure 5-9. Irradiance distribution for Singapore [20]. 
 
Due to the fact that the module is tilted at different angles for different 
locations, we have to convert the global horizontal irradiance into module 
in-plane irradiance. The Perez et al. model is used for the transposition, as it 
was shown in the previous chapters to be the most accurate model. Taking 
into account the angular loss effect, we can calculate the tilted irradiance as 
(see chapter 4 for more details): 
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(5.14) 
 
where IT is the global irradiance on a tilted surface, Ib the beam radiation, θ 
the incident angle, θz the zenith angle, Id the horizontal diffuse irradiance, F1 
the circumsolar brightness coefficient, F2 the horizon brightness coefficient, β 
the module tilting angle, ρg the ground diffuse reflectance, and Fb, Fd and Fa 
are the angular loss factors due to the direct, diffuse, and albedo 
components.  
 
For this study, the module is assumed to be mounted on a concrete 
roof (ρg of 0.20) and always facing towards the equator with tilt angle adjusted 
to the latitude where it is situated.  
 









































Next we need to calculate the module temperature from a given 
ambient temperature. We use the following equation which is obtained 
empirically [24, 25]: 
 
          
  (5.15) 
 
where k is the Ross coefficient, Ta the ambient temperature, Tc the cell 
temperature, and IT the solar irradiance on the module plane. The k value 
ranges from 0.02 Km2/W for a module mounted with well-cooled configuration 
to 0.056 Km2/W for module mounted on sloped roof with poor ventilation [24], 
[26]. For this study, k of 0.025 is used to represent a rack mounted module on 
a flat roof.  
 
Knowing the module in-plane irradiance, we can calculate the total 
annual energy for a given location using the following equation: 
 





where Eannual is the annual energy output, ηi the efficiency at particular 
intensity modelled earlier in Figure 5-8 (it is a function of the number of metal 
fingers and the irradiance intensity), IT,t the measured module in-plane 
irradiance at particular time t, ∆t is irradiance measurement interval and N the 
total number of measurements for the given period. For the weather data that 
were measured hourly, we have N equal to 8760 for a typical meteorological 
year.  
 
Without taking into account the module temperature effect, previous 
studies also performed a similar optimisation for annual yield [4, 5]. In this 
study, comparison was done for simulations with and without the module 
temperature effect and it is found that adding the temperature effect merely 
shifts the annual energy curve (Figure 5-11) lower and has negligible effect 
on the determined optimal number of fingers. Nevertheless, adding the 
module temperature effect will give a much more accurate energy prediction 
which is important for a realistic cost calculation. Taking into account the 
temperature effect, we rewrite equation (5.16) as: 
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where βmod is the temperature coefficient of the PV module (assumed to be 
constant for different irradiances), and Tmod,t is the temperature of the cell in 
the module at a particular instant of time t. Temperature coefficient of 0.5 
%/ºC is used. 
 
Equation (5.17) was obtained using the frameworks developed in the 
earlier chapters. The overall framework is summarised in Figure 5-10. Taking 
into account the horizontal irradiance and angular loss, we can calculate the 
tilted irradiance at different times of the day and year. Knowing the tilted 
irradiance for different orientations and tilt angles, we can then determine the 
optimal orientation and tilt angle for the maximum annual tilted irradiance. 
Using the optimal yearly tilted irradiance profile, we can then determine the 
annual energy output for a particular location.  
 
 
Figure 5-10. Overall framework to calculate the annual energy output.  
 
Using equation (5.17), we can find Eannual for each number of fingers. 
The solid curve in Figure 5-11 shows the annual energy output of a 72-cell 
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module as a function of the number of fingers per cell. As can be seen, 79 
fingers will give the maximum annual energy production. 
 
Ultimately, we are interested in the optimal number of fingers that gives 
the lowest cost per kWh, or the lowest levelised cost of electricity (LCOE). We 
can calculate the LCOE using the following equation [27]:  
 
     
∑   
 
   
∑                
 
   
 
   
(5.18) 
 
where C0 is the initial system cost, r the discount (or interest) rate, Et the 
annual energy, T the total system lifetime (in years), and d the power 
degradation rate. The maintenance cost is neglected for this calculation. 
 
C0 is calculated by assuming the system cost to be double that of the 
module cost, using the benchmark of Goodrich et al. [28]. The lifetime of the 
system is assumed to be 25 years. By assuming the PV system will still have 
80% of the original efficiency (guaranteed by most PV manufacturers) at the 
end of 25 years, the yearly power degradation rate is calculated to be 0.9%. A 
4.5% discount rate is used for the calculation.  
  
Figure 5-11. Module annual energy output (calculated using assumed module STC power 
shown in Figure 5-6) and levelised cost of electricity (LCOE) in Singapore, as a function of the 
number of fingers on each silicon wafer solar cell. The LCOE calculated is in term of USD/kWh. 
 


























































Figure 5-11 shows the module annual energy output per year and 
LCOE in Singapore. 79 fingers will yield the maximum annual energy 
production. 56 fingers give the lowest LCOE in Singapore. Note that the 
LCOE does not depend strongly on the number of fingers per cell and that the 
uncertainties in the calculation of the LCOE might be larger than the 
calculated differences. For regions with different irradiance distributions, we 
will get different optimal number of fingers and LCOE, as shown in Table 5-3.  
 
Table 5-3 shows the optimal number of fingers for various locations. 
They were calculated using the same method as was used to calculate the 
LCOE for Singapore. We see that optimizing for lowest LCOE yields higher 
relative savings in LCOE than reduction in Eannual in each location. All regions, 
except for Belfast, have lower LCOE than the present electricity tariff. A lower 
LCOE compared to the electricity tariff indicates that it is actually more cost 
effective to install PV systems for electricity consumptions. Even though 
Denver has a lower LCOE than Munich, it is much more attractive to deploy 
PV in Munich because of its higher electricity prices.  
 
We also see, as expected, the trend that regions with lower annual 
irradiance need fewer metal fingers to obtain the most cost-effective PV 
module design. Optimizing for lowest LCOE yields, on average, 0.6% lower 
LCOE compared to optimizing for maximum annual energy output. 
Interestingly, when comparing the numbers from Table 5-3 with Figure 5-3, it 
follows that optimizing for lowest LCOE gives, on average, about the same 
optimal number of fingers as optimizing for lowest cell cost per watt peak: 
Around 57 fingers per cell. We believe this average value is purely 
coincidental. This coincidence is an important finding for practical 
applications, because optimisation at the cell level using indoor STC 
measurements to minimize total cell cost per watt peak is much easier than 
determining the most cost-effective PV module design under real-world 
outdoor conditions. For a more accurate ONF determination, simulation 
should be done for specific regions of interest. In general, regions with higher 




Table 5-3. Results of optimising the front electrode for real-world conditions for various 

















ONF 73 80 79 86 88 
Eannual 
(kWh/yr) 
266.2 336.7 420.7 497.6 532.6 
LCOE 
($/kWh) 




ONF 51 57 56 60 62 
Eannual 
(kWh/yr) 
265.2 335.4 419.1 495.5 530.3 
LCOE 
($/kWh) 







0.17 0.34 0.22 0.116 0.113 
 
% diff in 
Eannual 
-0.38% -0.38% -0.38% -0.42% -0.42% 
 
% diff in 
LCOE 











In this chapter, optimisation of the front metal grid of silicon wafer solar 
cells was done at the cell level, module level, and under real-world conditions 
– first to optimize for maximum power or energy output, then to minimize the 
cost per watt or levelised cost of electricity. This enables various stakeholders 
along the silicon wafer PV industry supply chain to have a clearer picture of 
the front metal grid design that is most advantageous to them. For a silver 
price of $1286/kg, optimisation at cell and module level for lowest cost will 
yield up to 1% cost savings compared to optimisation for maximum PV 
efficiency. Optimisation for lowest LCOE will yield on average 0.6% lower 
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CHAPTER 6 -  CONCLUSION AND FUTURE WORK 
6.1 Thesis Conclusions 
 
Photovoltaic (PV) cells and modules are rated under standard test 
conditions (STC), with cell or module temperature of 25°C, normally incident 
light, Air Mass 1.5 Global (AM1.5G) solar spectrum, and a solar irradiance 
intensity of 1000 W/m2. Because of this, solar cells and modules are usually 
designed to have maximum efficiency at STC. However, in the real world, PV 
modules rarely operate under these conditions; the real-world conditions vary 
strongly and influence the electrical performance of the modules, often 
causing an efficiency loss with respect to the STC nominal performance. The 
primary aim of this thesis was to understand the various loss mechanisms of 
solar cells and modules under real-world conditions, and, subsequently, to 
optimise the solar cells and modules for outdoor conditions.  
 
The availability of a new spectral response system (model Fimo-210 
from Aescusoft) and UV-VIS-NIR spectrophotometer (Perkin Elmer, Lambda 
950) at the beginning of this thesis work generated interest in the 
investigation of optical properties of silicon wafer based solar cells and 
modules. Using this equipment, the reflectance loss of solar cells and 
modules could be experimentally measured. However, the optical parasitic 
absorptance was not measureable through experiment and could only be 
determined through simulation. In order to optimise a PV module for real-
world conditions, it was crucial to have a complete understanding of the 
optical losses in the cells and modules. Therefore, the initial objective of the 
thesis was to study the optical parasitic absorptance loss to provide a 
complete picture of the optical losses in a PV module. This objective was 
achieved through the work presented in chapter 2, where the optical losses of 
silicon wafer based solar cells and modules were quantified. First, optical 
properties of various PV module materials were investigated. Then, the 
optical losses of cells and modules were quantified through reflectance (R) 
and external quantum efficiency (EQE) measurements. A novel method was 
developed to calculate the optical parasitic absorptance of a PV module from 
R and EQE measurements. Finally, considering the AM1.5G spectrum of 
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interest, the weighted average optical losses were calculated. PV modules 
with various encapsulant materials and glass structures were studied. It was 
found that the parasitic absorptance of PV modules could vary from 2% to 
5.5%. 
 
The ultimate objective of this thesis was to optimise the solar cells and 
modules for real-world conditions. The study of optimal orientation and tilt 
angle for maximising solar irradiation collection is important for ensuring that 
the cells and modules are optimised for the optimal performance. In chapter 
3, optimal orientation and tilt angles for fixed-tilt PV modules were calculated 
by determining the orientation and tilt angle that provide highest annual tilted 
irradiation. The modelling was first done for Singapore. Various sky models 
(Liu-Jordan, Klucher, Perez et al.) were used for the modelling. The modelling 
results were validated with outdoor measurement results. It was found that 
the Perez et al. model was the most accurate sky model in determining the 
optimal orientation and tilt angle. Using the most accurate model (Perez et 
al.), the modelling was extended to thousands of locations worldwide using 
available weather data. From the modelling results, the relationship between 
the optimal tilt angles and latitudes was investigated. It was found that the 
conventional wisdom of tilting the module at latitude towards the equator is 
not necessarily true. For tropical and low latitude regions, a PV module‟s 
optimal orientation could be facing in any direction, depending on the local 
climatic conditions. Through the study, it was found that the difference 
between the conventional and modelled optimal orientation and tilt angle 
introduced only negligible irradiation loss of less than 0.5%. At the later stage 
of this PhD work, real-world angular losses of PV modules were also studied 
(see chapter 4) and found to have a negligible effect on the modules‟ optimal 
orientation and tilt angle.  
 
PV cells and modules are rated under standard test conditions (STC), 
with normally incident light. In the real world, incident light is arriving on the 
module at various angles because of the movement of the Sun and the 
diffuse components of the radiation; this introduces angular losses. The 
angular losses of PV modules working in field conditions have been reported 
in several publications. The results showed that angular losses can cause a 
substantial annual performance loss. Understanding this real-world angular 
loss is important in optimising the cells and modules for real-world conditions. 
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In chapter 4, the real-world angular loss was extensively studied. Specifically, 
the angular loss of PV modules with planar and textured glass under 
Singapore outdoor conditions was studied. First, the angular reflectance of 
PV modules with planar and textured glass was measured using a 
goniophotometre. From the angular reflectance measurements, angular loss 
factors due to the direct, isotropic diffuse, horizon, and albedo irradiance 
components were calculated. Finally, the real-world angular losses under 
Singapore outdoor conditions were modelled. From the study, it was found 
that the textured PV module has a much lower real-world angular loss 
compared to the planar PV module. The modelling framework developed for 
this study was then used in chapter 5 for the optimisation of solar cells and 
module for real-world conditions.  
 
One of the most important design considerations that affect the 
efficiency of silicon wafer based solar cell is the front electrode optimisation. 
The front electrode design of a silicon wafer solar cell is a compromise 
between shading losses and resistive losses. Most commercial silicon wafer 
solar cells manufactured today have their grids optimised to give the 
maximum cell efficiency at standard test conditions (STC). However, in the 
real world, PV modules rarely operate under these conditions. In chapter 5, 
incorporating the findings from earlier chapters, the front electrodes of silicon 
wafer based solar cells and modules were optimised. Optimisation of the front 
electrode was done at the cell level at STC ($ per watt peak), module level at 
STC ($ per watt peak), and under real-world module conditions ($/kWh), 
taking into account the cost of the silver paste. The study showed that 
optimisation at the cell and module levels for the lowest costs would yield up 
to 1% cost savings compared to optimisation for maximum efficiency at STC. 
Optimisation for lowest levelised cost of electricity (LCOE) would, on average, 
yield 0.6% lower LCOE compared to optimisation for maximum annual energy 
output. Originally, fabrication of cells having the optimal number of fingers 
predicted by the simulations was planned, as a validation of the simulation 
results. However, due to the fire incident in the lab and the limited time, the 
experimental part of this study was cancelled. Nevertheless, if we were to 
compare the experiment and simulation results, we should see a good agree-
ment at cell and module level. For real-world conditions, there might be a 
greater deviation between the simulation and experiment results as there are 
a lot of parameters to be considered.  
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6.2 Original Contributions 
 
This thesis includes the following original contributions: 
 
Chapter 2 
 The development of a novel method to experimentally quantify 
the optical parasitic absorptance loss. 
 The complete optical characterisation of solar cells and 
modules. 
 The investigation of optical losses of PV modules with various 
encapsulant materials and glass structures.  
 
Chapter 3 
 The determination and validation of the most accurate 
transposition model for modelling the optimal orientation and tilt 
angle in Singapore. 
 A comprehensive study of the optimal module orientations and 
tilt angles for locations around the world, using weather station 
data from online databases. 
 The incorporation of angular loss in the determination of optimal 
module orientations and tilt angles.  
 The identification and approximation of the relationship between 
the optimal tilt angles and the latitudes. 
 The development of a theoretical model to explain the observed 
relationship between optimal tilt angles and latitudes.  
 
Chapter 4 
 The introduction of a new fitting model that provides a better fit 
for the angular loss for both planar and textured PV modules.  
 The determination of the real-world angular loss for PV modules 
with textured glass.   
 The fabrication and measurement (under outdoor conditions) of 
two full-size 60-cell modules with planar and textured glass for 





 The development of a new method to determine the solar cell‟s 
effective finger shading width after encapsulation.  
 The optimisation of the front electrode of silicon wafer based 
solar cells and modules for real-world conditions, considering 
total cell and module costs. 
 The identification of up to 1% cost savings for the optimisation 
considering the costs, compared to the optimisation for 
maximum efficiency at STC. 
 
6.3 Future Work 
 
A number of areas covered in this thesis can be explored further:  
 
Chapter 2 
 The optical parasitic absorptance was determined at standard 
test conditions with normally incident light. It is postulated that 
the optical parasitic absorptance depends on the angle of 
incidence of the light. The study of the optical parasitic 
absorptance as a function of the angle of incidence will enable 




 The optimal tilt angles were determined to be only a function of 
latitude. In reality it is also a function of various local climatic 
conditions, such as diffuse fraction and seasonal variations. 
Future work could explore the optimal tilt angles as a function of 
several local climatic variables.  
 
Chapter 4 
 The angular loss study was done only for Singapore outdoor 
conditions. The study can be extended to various locations 
around the world. It is speculated that the annual angular loss 
increases as the latitude increases. An extension of the angular 
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loss study to locations with different latitude will provide proof of 
this hypothesis.    
 
Chapter 5 
 The effective finger shading width was determined for normal 
incident light. It is hypothesised that the effective finger shading 
width depends on the angle of incidence. The determination of 
this relationship will enable a more accurate optimisation of front 
metal electrodes for real-world conditions.  
 For future work, rules of thumb could be produced with respect 
to cell grid design and module tilt/orientation as a function of 
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